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Abstract: Photodynamic therapy (PDT) augments the host antitumor immune response, but the role
of the PDT effect on the tumor microenvironment in dependence on the type of photosensitizer and/or
therapeutic protocols has not been clearly elucidated. We employed three bacteriochlorins (F2BOH,
F2BMet and Cl2BHep) of different polarity that absorb near-infrared light (NIR) and generated a large
amount of reactive oxygen species (ROS) to compare the PDT efficacy after various drug-to-light
intervals: 15 min. (V-PDT), 3h (E-PDT) and 72h (C-PDT). We also performed the analysis of the
molecular mechanisms of PDT crucial for the generation of the long-lasting antitumor immune
response. PDT-induced damage affected the integrity of the host tissue and developed acute
(protocol-dependent) local inflammation, which in turn led to the infiltration of neutrophils and
macrophages. In order to further confirm this hypothesis, a number of proteins in the plasma of
PDT-treated mice were identified. Among a wide range of cytokines (IL-6, IL-10, IL-13, IL-15, TNF-α,
GM-CSF), chemokines (KC, MCP-1, MIP1α, MIP1β, MIP2) and growth factors (VEGF) released after
PDT, an important role was assigned to IL-6. PDT protocols optimized for studied bacteriochlorins
led to a significant increase in the survival rate of BALB/c mice bearing CT26 tumors, but each
photosensitizer (PS) was more or less potent, depending on the applied DLI (15 min, 3 h or 72 h).
Hydrophilic (F2BOH) and amphiphilic (F2BMet) PSs were equally effective in V-PDT (>80 cure rate).
F2BMet was the most efficient in E-PDT (DLI = 3h), leading to a cure of 65 % of the animals. Finally,
the most powerful PS in the C-PDT (DLI = 72 h) regimen turned out to be the most hydrophobic
compound (Cl2BHep), allowing 100 % of treated animals to be cured at a light dose of only 45 J/cm2.
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1. Introduction
Photodynamic therapy (PDT) is a promising therapeutic approach to cancer, which in recent
years entered the mainstream therapeutic options in oncology [1–3]. PDT aims at the destruction
of the primary tumor without damaging surrounding, healthy tissues, and at the stimulation of
anti-tumor immunity. There are three main mechanisms of PDT: the direct killing of cancer cells by
photogenerated reactive oxygen species (ROS), tumor-associated vascular damage and activation
of anti-tumor immune responses [2,4]. These mechanisms suggest that intricate relations between
the nature of the photosensitizer (PS), PS dose, light dose, drug-to-light interval (DLI), the oxygen
concentration in the targeted tissue and the mechanism of cell death [2,5–7] are likely to affect the
outcome of PDT efficacy.
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In practice, three fundamental PDT approaches are investigated: vascular-targeted PDT
(V-PDT), tumor cellular-targeted PDT (C-PDT) and endothelial cells-targeted PDT (E-PDT). V-PDT is
characterized by short drug-to-light intervals (DLI = 5–15 min). The main target of this protocol is the
tumor vascularization. C-PDT targets tumour cells directly through specific molecules on cancer cells’
surfaces. In this case, longer drug-to-light intervals (DLI > 12h) are used [8–11]. At intermediate DLIs
(e.g., 3 h) the PS is found mainly in the blood and endothelial cells, with partial accumulation in tumor
cells [6,12], and protocols using such intermediate DLIs are designated here as E-PDT.
The first step in PDT is the selection of a PS with physicochemical and pharmacological properties
adequate for the intended PDT regime [13]. The hydrophilicity/lipophilicity of the PS is one of
the most important factors influencing its biological behavior, including uptake by cancer cells,
intracellular localization, biodistribution and pharmacokinetics [14,15]. The high expression of
low-density lipoprotein (LDL) receptors in tumors makes LDL-bounded lipophilic PSs more likely to
achieve LDL-receptor-mediated endocytosis than hydrophilic drugs. These, in contrast, are mainly
associated with serum proteins such as albumin and tend to localize in tumor vessels [16]. Many
second-generation PSs were designed to be rather hydrophobic in order to increase their accumulation
in tumors, and thus improve the outcome of C-PDT [17]. The challenge of aggregation of hydrophobic
PS in biological fluids has been addressed using delivery vehicles such as liposomes, lipoproteins
or micelles. Hydrophilic photosensitizers are much easier to prepare for in vivo administration, but
they are less likely to permeate cancer cells and tend to show faster clearance from the organism.
Nevertheless, their tendency to interact with plasma proteins following intravenous administration
(i.v.) [18] can lead to significant vascular effects in V-PDT [19,20]. Amphiphilic compounds, which
contain both hydrophilic and hydrophobic moieties in their molecular structure, are quite versatile
and promising for clinical translation [21–23]. Their pharmacokinetics and biodistribution largely
determine the choice of the optimal drug-to-light interval [15,24], and the possibility to achieve PS
accumulation in both individual cell organelles and intracellular spaces [25].
Photosensitizers bearing fluorine, chlorine or other halogen atoms usually display an enhanced
photodynamic effect [26–28]. This is assigned to the so-called “heavy atom effect” resulting from the
increased spin-orbit coupling originating from atoms with higher atomic numbers, and consequently,
higher spin-orbit coupling constants (ζ = 0.24 for H, ζ = 269 for F and ζ = 586 for Cl). Hence,
the internal heavy atom effect accelerates the S1→T1 intersystem-crossing rate, increases the triplet
quantum yields (ΦT) of photosensitizers and consequently improves the ability to generate ROSs. In
addition, the introduction of fluorine and chlorine atoms into the PS structure leads to a change in their
polarity, which in turn can increase the rate of transport of biologically-active compounds through
lipid membranes [29–34].
It is widely recognized that PDT regimes can trigger rapid inflammatory responses that are
essential for the activation of antitumor immunity [35–37], improving long-term tumor control and
offering protection against metastasis [38]. Unlike most chemotherapies, which mainly lead to apoptotic
cell death, PDT may also lead to necrosis or immunogenic cell death (ICD), which can result in controlled
inflammation, which in turn leads to further stimulation of the immune system [7,37,39–41]. The
generation of the post-PDT antitumor response involves the participation of various mechanisms
based on the secretion of cytokines and mediators associated with the inflammatory process, increased
level of neutrophils in the blood combined with neutrophil recruitment to the treated areas, as well as
induction of acute-phase proteins and activation of the complement system [7,35,40,42]. PDT-induced
inflammation is associated with the influx of the cells of the immune system to the treated area, and
these cells contribute to the development of an immune response that recognizes cells that survived
the therapy or are found in other parts of the body in the form of metastases [21].
Changes in the peritumoral microenvironment induced by PDT seem to influence the activity of
non-specific mechanisms of the innate immune system. The cells involved in non-specific mechanisms
include phagocytic cells—macrophages, granulocytes, monocytes and several mediators (chemokines
and cytokines) [43,44]. PDT-induced inflammation may also activate mechanisms of adaptive (or
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specific) immune response generated when antigens are recognized by the lymphocyte population,
capable of inducing immunological memory and of causing the regression of distant established tumors
that received no treatment [17]. Cells dying after PDT can be a source of antigens and stimulate cells
of the immune system that infiltrate the tumor, eventually leading to anti-tumor immunity [45–47].
The development of effective, adaptive immune responses requires the prior engagement of innate
immunity [39].
The main purpose of this work is to investigate PDT regimes with three bacteriochlorin-type
photosensitizers of different polarity and to relate the outcomes of these regimes to the properties
of the PSs, namely their physicochemical properties, subcellular localization, pharmacokinetics,
ROS generation and immune response. This work offers a basis for the optimization of immune
responses with PDT and the rational design of combinations between PDT and immunotherapies. The
bacteriochlorins selected for this study are presented in Scheme 1. The synthesis and some photophysical
properties of F2BOH, F2BMet (named redaporfin) and Cl2BHep have been reported [21–23,48], as well
as the pharmacokinetics and biodistribution of F2BOH and F2BMet [14,15,24]. Although some in vitro
studies and the PDT of tumor-bearing mice have been published for F2BOH and F2BMet [21–24], they
were repeated and extended in this work to afford a more direct comparison with the corresponding
studies with Cl2BHep.
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2. Experimental Section
2.1. Chemicals and Photosensitizers
All ommercial chem cal and reagents were of analytical grade and were purchased
from Sigma-Aldrich. 5,10,15,20-tetrakis(2,6-difluoro-3-sulfophenyl)bacteriochlorin (F2BOH),
5,10,15,20-tetrakis(2,6-difluoro-3-N-methylsulfamoylphenyl)bacteriochlorin (F2BMet, redaporfin) and
5,10,15,20-tetrakis(2,6-dichloro-3-N-heptylsulfamoylphenyl)bacteriochlorin (Cl2BHep) were prepared
according to reported procedures [21–23,48].
2.2. Spectroscopic Studies
Electronic absorption spectra were recorded in a Hewlett Packard HP8453 spectrophotometer.
Solutions containing samples of photosensitizers were dissolved in the selected solvents in quartz
cuvettes. Using measured absorbance for various concentrations of bacteriochlorins, either in dimethyl
sulfoxide (DMSO) or in ethanol, the molar absorption coefficients were determined from Beer’s
law. Fluorescence emission spectra were recorded from 700 nm to 800 nm with excitation at λ ≈
505 nm. The excitation and emission slits were both set to 8 nm and scanning speed to 50 nm/min.
Fluorescence spectra were recorded with a Perkin Elmer Fluorescence Spectrometer LS 55 (Perkin Elmer,
Waltham, MA, USA). Fluorescence lifetimes were determined using a Time-Correlated Single Photon
Counting (TCSPC) mode using the FluoroLog-3 Spectrophotometer (Horiba Jobin Yvon, Glasgow, UK).
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The instrument was equipped with 340 nm picoseconds-pulsed light-emitting diodes (LEDs) as the
excitation source in the MCS mode. During measurements, the Instrument Response Function (IRF)
was obtained from a non-fluorescence suspension of colloidal silica (LUDOX 30%, Sigma Aldrich,
Schnelldorf, Germany), held in a 10 mm path length quartz cell, and was considered to be wavelength
independent. All lifetimes were fit to a χ2 value of less than 1.1, and with residuals trace symmetrically
distributed around the zero axes. Fluorescence quantum yield for F2BOH and Cl2BHep in DMSO was





where F and FStd are the areas under the fluorescence emission curves of the sample and the standard,
A and AStd are the absorbance of the sample and the standard, and η/ηStd are the refractive indices
of the solvent used for the sample and the standard, respectively. Redaporfin (ΦFStd = 0.138) was
employed as the standard. The absorbance of the solutions at the excitation wavelength was in the
range of 0.02.
2.3. ROS Detection with Fluorescent Probes
3’-p-(aminophenyl)fluorescein (APF) and 3’-p-(hydroxyphenyl)fluorescein (HPF) were used to
detect hydroxyl radicals. Singlet Oxygen Sensor Green®(SOSG) was applied as a probe for singlet
oxygen. Dihydroethidinum (DHE) was used to identify the superoxide ion. All probes were employed
for the detection of various ROSs after the illumination of the photosensitizer. PS solutions were
diluted to a final concentration of 5 µM per well. A tested fluorescent probe was added at a final
concentration of 10 µM. PS solutions were irradiated for various time intervals with a red light
from the LED-based device (735 ± 20 nm). A microplate reader (Tecan, Infinite M200 Reader, Tecan,
Männedorf, Switzerland) was used for the acquisition of fluorescence signal immediately before and
after illumination. APF fluorescence emission at 515 nm was determined upon excitation at 490 nm.
For SOSG, the corresponding values were 525 and 505 nm, and 480 nm and 580 nm for DHE.
2.4. Photodecomposition Experiments
The photostability of bacteriochlorins was investigated following the measurement of their optical
absorption in 5 µM solutions prepared in DMSO and diluted in phosphate-buffered saline (PBS) (the
DMSO content did not exceed 0.5%). Continuous irradiation of an aerated solution was carried out
using a LED at 735 ± 20 nm. The reaction progress was monitored by electronic spectroscopy using a
Hewlett Packard HP8453 spectrophotometer.
2.5. LogP Determination
The n-octanol/PBS partition coefficients (logP) were determined following the shake-flask method.
The photosensitizers were dissolved in the mixture of n-octanol previously saturated with a solution
of PBS and the same volume of PBS saturated with n-octanol. After the addition of the samples of
each bacteriochlorin, the solutions were mixed on a vortex device (horizontally) and then the phases
were separated by centrifugation (15 min, 8000 rpm, RT). Next, the PBS/n-octanol phase was taken and
diluted to obtain 0.5% of PBS/n-octanol content in the final solution. This solution was left into the
ultrasonic bath. The fluorescence of each solution was measured using a Fluorescence Spectrometer
LS 55 (Perkin Elmer, Waltham, MA, USA) and compared with the calibration curve to obtain the
concentration of the photosensitizer. Partition coefficients were calculated from the ratio coct/cPBS,
where coct and cPBS are the concentrations of the porphyrin derivatives in the n-octanol and in the PBS.
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2.6. In Vitro Studies
2.6.1. Photosensitizer Formulation
For the biological studies, due to the reduced solubility of Cl2BHep in water, the Pluronic-based
micelles were applied to deliver it either to cells in vitro or to tumors in vivo. The formulation was
prepared by a thin-film hydration method. Dynamic Light Scattering (DLS) using a Malvern Zetaziser
Nano ZS system was employed to measure the hydrodynamic diameters (DH), size distributions
and zeta potentials (ζ) of polymeric micelles. Cl2BHep concentrations in the formulations were
determined and controlled by UV−vis spectrophotometry. Results are reported as the mean of
three independent measurements with three different samples (n = 3). The weight percentage of
Pluronic-based formulations was determined spectrophotometrically using the absorption calibration
curves generated from the Cl2BHep standard solutions at known concentrations, as well as DLS
measurements. Drug loading content (DL) and drug encapsulating efficiency (EE) were calculated
based on the Equations (2) and (3) below [12]:
DL(%) =
weight o f PS in micelles
weight o f micelles
·100% (2)
EE(%) =
weight o f PS in micelles
weight o f the f eeding PS
·100% (3)
Electronic absorption spectra were recorded by HP8453 spectrophotometer using a 1 cm path-length
quartz cell.
2.6.2. Cell Cultures
Murine colon carcinoma (CT26) cells were grown in full-strength Dulbecco’s modified Eagle’s
medium (DMEM) with 4.5 g/L glucose, L-glutamine, sodium pyruvate and 3.7 g/L NaHCO3
(BioTech) with the addition of 10% fetal bovine serum (FBS, PAN-Biotech, Aidenbach, Germany) and
supplemented by antibiotics (penicillin/streptomycin, PAN-Biotech, Aidenbach, Germany). The cells
were cultured in incubators maintained at 37 ◦C with 5% CO2 under fully humidified conditions. All
experiments were performed on cells in the logarithmic phase of growth. Media were replaced every
two days and cells were subcultured using 0.25% trypsin-ethylenediaminetetraacetic acid (EDTA).
2.6.3. Cellular Uptake
CT26 cells were seeded on 96-plate microplate (104 per well). After 24 h, the cells were incubated
with various PS concentrations for time intervals from 2 h up to 24 h. Bacteriochlorin solutions were
prepared by diluting stock solutions in DMSO or in micellar formulations (for Cl2BHep) with the
culture medium to the desired final concentration (5 µM). The highest concentration of DMSO in the
medium did not exceed 0.5%. After incubation, the cells were washed twice with PBS and solubilized
in 30 µL of Triton X-100 and 70 µL of DMSO/ethanol solution (1:3). The retention of cell-associated PSs
was detected by fluorescence (λexc = 505, λem = 750 nm) with the microplate reader (Tecan Infinite
M200 Reader, Tecan, Männedorf, Switzerland).
2.6.4. Cytotoxicity and Cell Survival Assay
The MTT (3-(4,5dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide) assay was used to
quantify cell survival and PS-mediated cytotoxicity. After the cells were attached to the microplates, PS
solutations at concentrations of 0 to 100 µM were added to the cell medium. Cells were incubated for
the appropriate time in the dark. Next, the PS solution of each well was removed, cells were washed in
PBS and fresh culture medium supplemented with FBS and antibiotics was added to each well, and
cells were returned to the incubator for 24 h. MTT dissolved in PBS at content 10% of final solution
was added to each well, and the microplates were further incubated for ca. 3 h. Then, the medium was
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discarded, and 100 µL of the mixture of DMSO:methanol (1:1) were added to the cultures and mixed
thoroughly to dissolve the dark blue crystals of formazan.
Formazan quantification was performed using an automatic microplate reader (Tecan Infinite
M200 Reader) by absorbance measurements at a 565 nm. Each essay was replicated in at least three
independent experiments.
2.6.5. Photodynamic Effect
On the basis of the cytotoxicity results, a nontoxic concentration of bacteriochlorin (5 µM) was
selected. Cells were incubated for the optimal time determined experimentally in the dark with each
bacteriochlorin solution in the culture medium. After this incubation time, the cells were washed with
PBS and irradiated with a 735 ± 20 nm LED irradiation system. An LED illuminator (Photon Institute,
Kraków, Poland) and sample chamber with stabilized temperature and the display was employed
for illumination of the plate with seeded cells. The diode (735 nm ± 20 nm) was adjusted to give a
uniform spot of irradiated area with a fluence rate of 1.072 mW as measured with a power meter (Light
Engine UNO 50, Tampa, FL, USA), and to excite the same number of molecules. Next, the cells were
washed with fresh medium and the plates were returned to the incubator for 24 h. Cell viability was
determined by MTT assay in independent experiments performed 24 h post-irradiation. Each essay
was replicated at least in three independent experiments.
2.6.6. Intracellular Localization—CLSM Imaging
The intracellular accumulation of bacteriochlorins was assessed in CT26 cancer cells. Prior to
imaging, CT26 cells were seeded on microscopic slides at a density of 1·105 cells, and were kept at
37 ◦C in a 95% air- and 5% CO2-humidified atmosphere, for 24 h. After being washed with fresh
medium, the cells were incubated in the dark with 10 µM solution of each bacteriochlorin-prepared cell
medium, for 24 h. Next, after being washed with Hank’s Balanced Salt Solution (HBSS, composition:
0.14 M NaCl, 0.005 M KCl, 0.001 M CaCl2, 0.0004 M MgSO4·7H2O, 0.0005 M MgCl2·6H2O, 0.0003 M
Na2HPO4·2H2O, 0.0004 M KH2PO4, 0.006 M D-glucose, 0.004 M NaHCO3), the cells were incubated
with specific intracellular organelle probes: 100 nM Mito-Tracker green, 1 µM ER-Tracker green, 1µM
Lyso-Tracker red (Molecular Probes, Invitrogen Life Technologies, CA, USA), diluted in HBSS buffer.
In addition, cells were incubated for 10 min with Hoechst33342. After 30 min incubation, at 37 ◦C, in
the dark, the cells were washed with HBSS two times, and the slide was transferred to the microscope
stage, and cells were visualized under a confocal microscope Zeiss LSM 880 (Carl Zeiss, Jena, Germany)
with a 40× oil immersion objective. Images were analyzed by Zeiss ZEN Software.
2.7. In Vivo Studies
2.7.1. Tissue Distribution and Pharmacokinetics of Cl2BHep in BALB/c mice
All experiments were carried out with approval no. 42/2014 and 190/2018 of the First Ethics
Committee for Research on Animals, Kraków, Poland. BALB/c (8−9-weeks-old males, Animal Facility,
FBBiB JU) were used to perform in vivo studies. The animals were humanely treated and supplied
with food and water ad libitum. The CT26 cells (0.5 × 106 in PBS suspension) were implanted
subcutaneously into the right thigh of male BALB/c mice. The intravenous administration of the drug
formulation was done when the tumor attained a diameter of 5−6 mm in each animal, which usually
took about seven days after inoculation. Each formulation, corresponding to 1.5 mg·kg−1 of Cl2BHep
was injected into the tail vein of each animal, and tissue distribution was evaluated at 15 min, 3 h
and 72 h after administration. At the selected time points post-injection, the mice were anesthetized
with ketamine and xylazine and sacrificed. For each animal, selected organs and tissue samples were
collected separately and weighed. To extract the pigments, we separately homogenized tissue samples
in EtOH/DMSO solution (75:25) over 1 min using a Yellowline by an IKA DI 25 basic animal tissue
homogenizer. The homogenate was centrifuged, the supernatant was collected, and the pellet was
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re-extracted four more times using the procedure described above to ensure complete recovery of the
drug. The extracts were pooled and the fluorescence analysis of the extracts was done. The samples
were excited at 505 nm, and the fluorescence spectra were recorded in a range of 600−800 nm. The
amount of Cl2BHep in the tissues was reported as the average from four animals (with the standard
error of the mean (SEM)). The concentration of Cl2BHep was estimated from the fluorescence intensity
of this bacteriochlorin in samples with known concentrations.
2.7.2. In Vivo Photodynamic Therapy with Bacteriochlorins
The antitumor efficacy of the bacteriochlorins was evaluated in BALB/c mice bearing CT26 tumors.
When the tumor volume reached about 4−5 cm in diameter, these mice were randomly assigned
to experimental groups (n = 6). For safe PS administration, due to the lipophilic character of each
compound, the F2BOH was prepared in saline solution, F2BMet was formulated in CrEL/EtOH/NaCl
0.9% (0.2:1:98.8, v:v:v)22, and Cl2BHep was encapsulated in Pluronic P123 (10% w/v) micelles12. Each
bacteriochlorin was administered via the tail vein injection with a dosage of 1.5 mg kg−1 BW. The
tumor irradiation was performed at DLI = 15 min, DLI = 3 h or DLI = 72 h using a laser (Omicron laser
model LDM750.300.CWA.L.M equipped with optical fiber model FD/Medlight, Ecublens, Switzerland)
at 750 nm, radiant exposures ranging 45−105 J cm−2 and a laser power of 130 mW. The illuminated
area with a diameter of 1.3 cm was kept constant during irradiation. Survival curves were estimated
by means of the Kaplan−Meier analysis.
2.7.3. Analysis of Serum Inflammatory Cytokines with MAGPIX System
To determine the concentration of a panel of inflammatory cytokines (IL-6, IL-10, IL-13, IL-15, KC,
MIP-2, LIX, LIF, MCP-1, MIP-1α, MIP-1β, IP-10, MIG, GM-CSF, TNFα and VEGF) listed in Table 1, in
the mice sera (n = 6–7) before and after treatment, the MAGPIX system was employed. The test was
replicated three times.






Keratinocyte-derived chemokine/C-X-C motif chemokine receptor 1 (CXCL1) KC
Macrophage inflammatory protein 2 (MIP-2)/C-X-C motif chemokine ligand 2 (CXCL2) MIP-2
The murine homolog of ENA-78/C-X-C motif chemokine ligand 5 (CXCL5) LIX
Leukemia inhibitory factor (interleukin 6 class cytokine) LIF
Monocyte chemoattractant protein-1 MCP-1
Macrophage inflammatory protein 1 alpha MIP-1α
Macrophage inflammatory protein 1 beta MIP-1β
Interferon gamma-induced protein 10/C-X-C motif chemokine 10 (CXCL10) IP-10
Monokine induced by interferon-gamma/C-X-C motif chemokine ligand 9 (CXCL9) MIG
Granulocyte-macrophage colony-stimulating factor GM-CSF
Tumor necrosis factor-alpha TNFα
Vascular endothelial growth factor VEGF
The analysis was performed using the MCYTOMAG-70K 16-Plex Panel (MerckMillopore,
Burlington, MA, USA) according to the manufacturer’s instructions. In total, samples from healthy
and tumor-bearing mice, as well as before and after treatment, were tested (Scheme 2). The results
were analyzed with the MAGPIX xPONENT software (Burlington, MA, USA).
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2.8. Statistical Analysis
In both physicochemical and photochemical studies, as well as in vitro biological activity evaluation,
the results are expressed as n verage ± t standard error of th mean (SEM). The sample size in
biological tests in vitro was n = 6–12 in each experimental group. All experiments were repeated
independ ntly at least three times. The Student’s t-test or W lch’s Mann–Whitney U-test (Luminex
analysis) was used for the determination of statistical significance. Results were considered as
statistically significant with a confi nce level f 95% (p < 0.05). Statisti al analy is was performed
with he STATISTICA 12.5 (StatS ft, Kraków, Poland).
3. Results
3.1. Photosensitizers
The synthesis and characterization of F2BOH, F2BMet and Cl2BHep from their halogenated
5,10,15,20-tetraphenylporphyrin precursors were recently described elsewhere [23,27,48].
3.2. Spectroscopic Characterization of Photosensitizers
All investigated photosensitizers exhibit the characteristic bacteriochlorin absorption spectrum
with a broad near-UV Soret, a narrow band in the green (≈ 510 nm) and a near-infrared Qy band (≈
745 nm) of high intensity that is crucial for PDT. Representative absorption and fluorescence spectra
recorded in DMSO are shown in Figure 1. Table 2 summarizes the important photophysical properties
of these photosensitizers. The high molar absorption coefficients of these photosensitizers enable
their use at much lower concentrations than their porphyrin and chlorin analogs [5]. Moreover, their
absorption of NIR light allows for the use of light that penetrates more deeply into human tissues than
red light.
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The fluorescence lifetimes of F2BOH and F2BMet are comparable. This is due to their structural
similarity and the presence of eight fluorine atoms in the phenyl rings located in the meso positions
of the tetrapyrrole macrocycle. Cl2BHep is characterized by a much shorter fluorescence lifetime,
as expected from the presence of eight chlorine atoms and their higher spin–orbital coupling constants
(ζ) than fluorine atoms. The difference in fluorescence quantum yields can be assigned to the same effect.
Cl2BHep indicates the lowest ΦF value among other tested compounds (ΦF = 0.008). The relatively
high value of ΦF determined for F2MBet suggests the use of this PS in photodiagnosis.
3.3. ROS Detection by Fluorescent Probes
The ability of bacteriochlorins to produce different ROSs after illumination was monitored using
APF, HPF, DHE and SOSG fluorescent probes. Figure 2 shows that all investigated bacteriochlorins
activate probes specific for singl t oxygen as well as for oxygen-centered radicals. F2BOH and F2BMet
tend to give low r SOSG fluor scence intensities than Cl2BHep (Figure 2 ), which is consistent with
the hi her singlet oxygen quantum yield of Cl2BHep presented in Table 2. Cl2BHep also tends to
give igher APF and HPF fluorescences than other bacteriochlorins, suggesting that this derivative
is the most effective in produ ing oxygen-centered radicals (Fi ure 2a,b). This is consist nt with
determinations of the triplet quantum yields of chlorin ted and fluorinated tetraphenyl-bact riochlorin
derivatives which show that the triplet quantum yields of chlorinated derivatives reach unity, whereas
those of the fluorin ted compounds do not se m to xceed 0.8 [21–23]. All bacteriochlorins studied
here activate dihydroethidium (DHE), th reby indicating the pres nce of a superoxide anion, as
shown in Figure 2c. F2BOH led to hig er activations than F2BMet and Cl2BHep. It will be shown
below that, under the same condition, 2 is substantially decomposed. It is possible that this
decompositio affects the probe. The balance between type I (hydroxyl radicals) and type II (singlet
xygen) photochemical mecha isms is t ought to play an important role in the PDT activity because
the hydroxyl radicals are the m st cytotoxic species, and are expected to be a major contributor to
tumor damage in PDT. Tookad Soluble [50], w ich is also a bacteriochlori derivative, acts mainly
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via type I photochemistry in aqueous media [51,52]. This PS forms both superoxide and hydroxyl
radicals upon illumination and the reaction of superoxide with nitric oxide in tumor blood vessels was
proposed as the major factor related to the antivascular effect induced by Tookad-V-PDT [51,53]. The
propensity of halogenated bacteriochlorins to produce ROS via a type I mechanism was attributed to
the formation of a charge-transfer complex with molecular oxygen [3].
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Figure 2. Ge eration of reactive oxygen species (ROSs) in bacteriochlori solution (in
phosph te-buffered saline (PBS), dimethyl sulfoxide (DMSO) did not exceed 0.5%) assessed by
the fluorescence probes selective towards: (a) overall radical species (APF), (b) hydroxyl radicals (HPF),
(c) superoxide radical anion (DHE) or (d) SOSG specific for singlet oxygen. The concentrations of the
probes were initially 10 µM, and bacteriochlorin was 5 µM in each sample. Samples were irradiated
with a 735 ± 20 nm LED light. Data are presented as mean ± the standard error of the mean (SEM)
(N = 12).
3.4. Photostability
The photodecomposition quantum yield Φpb is a measure of photostability. According to
Table 2, F2BOH is the least stable bacteriochlorin of this series. This can also be appreciated in
Figure 3. It was shown that bacteriochlorins with phenylsulfonic groups have lower oxidation
potentials than bacteriochlorins with phenylsulfonamide groups, and this is associated with more
facile oxidation [21–23]. Figure 3b shows that the disappearance of the bacteriochorin bands at 375,
510 and 743 nm is not accompanied by corresponding changes in the shoulder at 410 nm or in the
small band at 660 nm, both assigned to small chlorin contamination in this sample. This suggests
that the photodecomposition of F2BOH will eventually lead to the opening of the macrocycle. This
photodecomposition is likely triggered by the ROS produced by F2BOH, and may lead to other
radical intermediates that react with fluorescent probes, namely DHE. In contrast, the sulfonamide
bacteriochlorins are remarkably stable.
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Figure 3. Photostability of sulfonated and sulfonamide bacteriochlorins in PBS solutions (<0.5% DMSO)
under a near-infrared (NIR) light-emitting diode (LED) irradiation: (a) the ph todegrada ion rate;
(b) the changes in absorption spectra of F2BOH during irradiation.
3.5. Lipophilicity as Assessed by logP Determinations
n-Octanol:PBS partition coefficients are a convenient measure of polarity and are related to
solubility in biocompatible solvents. The POW values determined using the shake-flask method are
presented in Table 2. The obtained logP values are similar to those previously reported [48]. The logP
values range from−1.4 to 4.5, meaning that F2BOH is soluble in water, but Cl2BHep is insoluble in water.
Fluorine and chlorine atoms present in the ortho-position of the phenyl group have a similar effect on
the photostability of the studied compounds. On the other hand, substituents in the meta-position
determine their hydrophilicity. Therefore, the most hydrophobic compound is a derivative containing
n-heptyl chain-Cl2BHep. Moreover, such large differences in polarity are expected to lead to very
different biological effects [54].
3.6. Biological Studies—Optimization of PS Formulation
Formulations of F2BMet in Pluronic poloxamers were recently described [12] and motivated
the development of similar formulations fo Cl2BHep. Absorp ion spectra of Cl2BHep in PBS with <
0.5% DMSO and encapsulated in polymer mic lles are shown in Figure 4. The encapsulation of this
bacteriochlorin derivative significantly increases the sharpness of the bands, suggesting disaggregation
in P123 micelles. Pa ticle size distribution estimated by DLS (Figure 4b) shows that the hydrodynamic
iameter of Cl2BHep-P123 micelles prepared in PBS at pH 7.4 is ca. 27 nm with a latively narrow
and homoge eous size distribution. Similarly to P123 mic lles prep red for F2BMet described
previously [12], the calculated (see equations above) encapsulation efficacy (EE) reached ca. 87%
with 12.12 (wt %) drug loading content (DL). The zeta potential for Cl2BHep was slightly negative
and reached ζ = −1.07. These data indicate that P123 gav the stabl structures, with the ability to
form micelles and to provide a slig tly hydrophobic environment to maintain the photosensitizer in
the mon me ic form [12]. P123 micelles may increase cellular uptak , efficient photogeneration of
hydr xyl radicals, as well as pr ferable tissue distribution and pharmacokinetics [12].
J. Clin. Med. 2020, 9, 8 12 of 26
J. Clin. Med. 2020, 9, 8 12 of 25 
 
 
Figure 4. The impact of Cl2BHep encapsulation in P123 micelles: (a) Absorption spectra of Cl2BHep 
registered in PBS (< 0.5% DMSO) and micellar solution in PBS after its encapsulation in Pluronic P123; 
(b) particle size distribution of Cl2BHep-P123 measured by dynamic light scattering (DLS). 
3.7. Cellular Uptake of Bacteriochlorins  
The time‐dependent accumulation of F2BOH, F2BMet and Cl2BHep (in PBS and in P123 micelles) 
in CT26 cells exposed to a 5 μM photosensitizer solution are shown in Figure 5a. 
 
Figure 5. In vitro activity of investigated photosensitizers: (a) time‐dependent uptake of halogenated 
bacteriochlorins at 5 μM by CT26 cells determined based on fluorescence measurements of cellular 
extracts; (b) cytotoxicity in the dark toward CT26 cells determined by MTT assay after optimal 
incubation time estimated in uptake studies; (c) photodynamic efficacy of F2BOH, F2BMet and 
Cl2BHep after their incubation at 5 μM with CT26 for optimal time and irradiation with 735 ± 20 nm 
LED light; (d) phototoxicity of F2BOH at 5 μM without washing the medium before illumination, and 
of Cl2BHep encapsulated in P123 micelles at 5 μM. Data are presented as mean ± SEM (N = 12), * p < 
0.05. 
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registered in PBS (< 0.5% DMSO) and micellar solution in PBS after its encapsulation in Pluronic P123;
(b) particle size distribution of Cl2BHep-P123 measured by dynamic light scattering (DLS).
3.7. Cellular Uptake of Bacteriochlorins
The time-dependent accumulation of F2BOH, F2BMet and Cl2BHep (in PBS and in P123 micelles)
in CT26 cells exposed to a 5 µM photosensitizer solution are shown in Figure 5a.
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Figure 5. In vitro activity of investigated photosensitizers: (a) time-dependent uptake of halogenated
bacteriochlorins at 5 µM by CT26 cells determined based on fluorescence measurements of cellular
extracts; (b) cytotoxicity in the dark toward CT26 cells determined by MTT assay after optimal
incubation time estimated in uptake studies; (c) photodynamic efficacy of F2BOH, F2BMet and Cl2BHep
after their incubation at 5 µM with CT26 for optimal time and irradiation with 735 ± 20 nm LED light;
(d) phototoxicity of F2BOH at 5 µM without washing the medium before illumination, and of Cl2BHep
encapsulated in P123 micelles at 5 µM. Data are presented as mean ± SEM (N = 12), * p < 0.05.
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The results show that for all tested compounds, a gradual, time-dependent increase in PS
accumulation was observed. The optimal accumulation for each bacteriochlorin ranged from 18 to
24 h, and then the uptake decreases, or a plateau phase is observed. F2BMet (log P = 1.9) showed
the most effective accumulation in cells at a concentration of 24 pM per cell after 20 h of incubation.
F2BOH is deprotonated in the culture medium (log P = −1.4), and its negative charges limit its ability
to penetrate cell membranes, leading to a relatively low accumulation in cells (3.88 pM per cell). For
this type of compound, penetration into cells is mainly through the endocytosis. Cl2BHep (log P ≈ 4.5)
is likely to aggregate in the medium which limits its bioavailability and justifies its low concentration
in cells (ca. 7.5 pM). The encapsulation of Cl2BHep in P123 micelles improves the cellular uptake
(22 pM), especially at shorter incubation times (12 h).
The results also indicate very low cytotoxic behavior in the dark in the whole wide range of PS
concentrations investigated (Figure 5b) and pronounced phototoxicity especially for F2BMet (Figure 5c).
Based on these data, it can be concluded that without the use of micelles, the largest photodynamic
effect was noted for F2BMet, followed by Cl2BHep and finally by F2BOH. This is also the order of
their uptake (Figure 5a). The lower uptake and lower phototoxicity of F2BOH can be overcome
by illuminating the cells after the incubation with this photosensitizer, but without washing the
photosensitizer molecules that remain in the culture medium. This procedure has a close analogy with
V-PDT, where the PS is present in the blood, but not inside the cells. The results obtained in these
conditions are presented in Figure 5d as F2BOH V-PDT. The possible aggregation of Cl2BHep can
be avoided using Pluronic formulations. Figure 5d also shows that a P123 formulation of Cl2BHep
significantly increases its phototoxicity without increasing the cytotoxicity in the dark (Figure 5b)
The lethal doses of light causing the killing of 50% of the cancer cells population (LLD50) of the three
photosensitizers are presented in Table 3.
Table 3. Lethal light doses (LLD50) of NIR light required to kill 50% of CT26 determined from surviving
curves obtained in phototoxicity studies.
Photosensitizer
F2BOH F2BOH V-PDE F2BMet Cl2BHep Cl2BHep-P123
LLD50/J·cm−2 − 4.81 4.94 >20 5.66
3.8. Intracellular Localization—CLSM Imaging
The intracellular localization in CT26 cells of F2BOH, F2BMet and Cl2BHep was investigated
by confocal laser scanning microscopy (CLSM). Each of these photosensitizers was incubated with a
specific probe for mitochondria (MitoTracker), lysosomes (LysoTracker) and endoplasmic reticulum
(ER-Tracker). The intracellular localization of F2BOH and F2BMet in different cell lines has been
published before [21–23,41]. The more hydrophilic bacteriochlorin is accumulated in lysosomes,
whereas the amphiphilic bacteriochlorin is mostly found in the ER (and Golgi), with a smaller
localization in the mitochondria. The overlapped images corresponding to Cl2BHep are shown in
Figure 6, in which the fluorescence of the bacteriochlorin is shown in red, and the fluorescence of the
organelle-specific probe is shown in green (ER, mitochondria) or in yellow for lysosomes, respectively.
The nuclei were also stained with Hoechst33342 and indicate the characteristic blue fluorescence. The
lipophilic Cl2BHep possesses a high degree of localization in mitochondria and lysosomes, and a
slightly lower one in the ER. The higher subcellular localization of sulfonamide bacteriochlorins in the
ER and mitochondria is consistent with their higher photoxicities than F2BOH. It is worth to notice
that the localization of a photosensitizer is important to determine the initial targets of PDT [18,55,56].
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Localization of hydrophobic PSs in mitochondria may result from the influence of mitochondrial 
membrane potential and lipid bilayer membrane. Moreover, P123 strongly attenuated the uptake and 
photocytotoxicity of hydrophobic PSs and redirected the cellular uptake to endocytosis. For example, 
thiamine pyrophosphate (ThPP) solubilized with P123 was found to accumulate in endocytic 
vesicles, indicating endocytosis as the main mechanism for the cellular uptake of P123-solubilized 
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profiles are presented in Figure 7.
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Localization of hydrophobic PSs in mitochondria may result from the influence of mitochondrial
membrane po ential an li id layer membrane. Moreove , P123 strongly attenuated the uptake nd
photocytotoxicity of hydro ho ic PSs and redir cted the cellular uptake to endocytosis. For example,
thiamine pyrophosphate (ThPP) solubilized with P123 was found to accumulate in endocytic vesicles,
indicating endocytosis as the main mechanism for the cellular uptake of P123-solubilized THPP. Berg
J. Clin. Med. 2020, 9, 8 15 of 26
and co-workers found that the hydrophobic 5,10,15,20-tetrakis(4-hydroxyohenyl)porphine solubilized
with P123 accumulated in endocytic vesicles, and suggested that in this case, the endocytosis is the
main mechanism for cellular uptake [57]. The accumulation of the photosensitizer in certain specific
organelles (mitochondria, endoplasmic reticulum or Golgi) is thought to lead to the more efficient
triggering of cell death upon illumination [17,18,56].
3.9. In Vivo Studies: PDT Protocol Optimization—Biodistribution
Biodistribution and pharmacokinetic studies of is done in [24] and amphiphilic F2BMet [15,22]
were reported recently, and reveal the highest tumor-to-muscle or -to-skin ratio immediately after
PS intravenous administration [15,22,24]. F2BOH is characterized by high blood concentration after
intravenous administration, relatively low tissue accumulation and rapid elimination time (44 h). Its
i.v. injection does not require the use of any carriers and is done in PBS [24]. On the other hand,
F2BMet is effectively administered in micellar form based on the low content of the solubilizer CrEL
(CrEL/EtOH/0.9% NaClaq 0.2:1:98.8 v/v/v), indicating appropriate tissue distribution in many types of
tumors [12,15,22,24]. 15 min after administration it shows high blood concentration, which decreases
with time, and good affinity to cancer tissues. It is characterized by a slightly longer stay in the body
(about 65 h) [15,24]
The tissue distribution of Cl2BHep is described for the first time and is presented in Figure 8. The
tissue distribution of Cl2BHep was determined using the extraction of tissue and biological fluids
followed by homogenization and fluorescence measurements.
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The results clearly indicate that this hydrophobic PS can be favorable in C-PDT due to the
significantly increased tumor accumulation in the prolonged incubation time (especially 72 h after PS
injection). At this point, the PS concentration in tumors is four times higher than that obtained for 15
min, and the double of that for 3 h. The calculated tumor to muscle (T:M) ratios at 15 min., 3 h and 72 h
are 3.6, 12.5 and 20.9, respectively. The tumor to skin (T:S) ratios are equal to 1.3, 1.38 and 2.11 at the
same time. The highest T:M and T:S ratios at 72 h suggest a superior selectivity for Cl2BHep and a
remarkable potential for cellular-targeted protocols with DLI = 72 h (C-PDT).
The summary of the photosensitizers’ properties crucial for optimization and appropriate choice
of PDT protocols, as well as their systemic administration, are listed in Table 4.
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Table 4. Properties of investigated bacteriochlorin-based photosensitizers and those used in clinical
practice, crucial for determining the photodynamic therapy (PDT) protocols in vivo.
Photosensitizer logP Tumor uptake PK/Circulation Time DLI Formulation
F2BOH [24] −1.4 3.69 pM per cell 44 h 15 min (V-PDT) 0.9% NaClaq/PBS
F2BMet [15,22] 1.9 24 pM per cell 65 h 15 min (V-PDT) CrEL:PBS
Cl2BHep 4.5 7.5 pM per cell < 96 h 72 h (C-PDT) Pluronic P123
Tookad Soluble [58] >1.0 max. 50 pg/mg protein max 1h >15 min (V-PDT) 0.9% NaClaq
Photofrin [59,60] <0.15 max. 1.6 µg/mg protein 144 h 6–24 h (C-PDT) Saline + 5% glucose
3.10. PDT Efficacy
We investigated the three basic PDT protocols, involving drug-to-light intervals of 15 min (V-PDT),
3 h (E-PDT) and 72 h (C-PDT) between the injection of the photosensitizer and the illumination.
V-PDT aims at the destruction of tumor vessels, limiting the tumor nutrition and controlling tumor
growth. In V-PDT, light is applied very soon after PS administration, while it is still within the vascular
compartment. This protocol was tested for all the photosensitizers because all of them are mostly
in the vascular compartment 15 min after i.v. administration. Alternatively, in tumor endothelial
cells-targeted PDT (E-PDT), the drug-to-light interval is increased up to 3 h to take advantage of the
accumulation of the photosensitizer both in the tumor microenvironment and tumor tissue. C-PDT
with DLI = 72 h aims at the selective destruction of the tumor tissue while sparing the normal tissues.
The latter two protocols were not tested for F2BOH because of its faster elimination from the organism.
Figure 9 shows the Kaplan–Meier survival plots for all protocols with an indication of the percentage
of animals with local tumor control.
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Figure 9. Kaplan–Meier curves of CT26 tumor regrowth after PDT treatment with: (a) F2BOH
V-PDT; (b) F2BMet V-PDT, E-PDT and C-PDT; (c) Cl2BHep V-PDT, E-PDT a d C-PDT; in all cases the
tumor-bearing mice (N = 6–7) were irradiated with 74 J/cm2 dose of NIR laser light (130 mW, 748 nm)
at 15 min, 3h or 72 h post-IV injection of 1.5 mg/kg drug dose. (d) presents the surviving data obtained
for Cl2BHep-C-PDT after appli ation of different laser light doses (light-dose d -e calation study) and
1.5 mg/kg drug dose.
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Figure 9 shows that tumor growth control was observed in all groups. For F2BOH-V-PDT
(Figure 9a), complete long-term remission was obtained for 85% of the treated animals. In the case
of F2BMet (Figure 9b), the V-PDT protocol was also the most effective, resulting in about 80% of
total cures. The F2BMet-E-PDT was also highly effective, resulting in 65% long-term cures. F2BMet
C-PDT was less successful, with only 20% of cured mice. Interestingly, results obtained for the most
hydrophobic photosensitizer Cl2BHep encapsulated in Pluronic P123 micelles indicate the highest
percentage of cures, especially after C-PDT (Figure 9c,d). Cl2BHep C-PDT with 74 J/cm2 led to a
very strong systemic inflammatory response that led to the death of some treated mice (35%) in the
first 24 h after treatment (thus, survival analysis in Figure 8c starts at 65%). Subsequently, the light
dose was de-escalated to obtain a safe protocol. C-PDT with a light dose of 60 J/cm2 remained lethal
for 40% of the mice. A light dose of 45 J/cm2 no longer caused strong inflammatory reactions, and
long-term cures were obtained for all of the animals. This is one of the most remarkable results with
C-PDT protocols at such low light doses. The efficiency of Cl2BHep-C-PDT may be the result of the
synergistic interaction of the following factors: (1) the formulation based on the PluronicP123 polymer;
(2) appropriate accumulation of the photosensitizer in tumor tissue, which was demonstrated in a
tissue distribution study; (3) efficient generation of ROSs, including type I mechanism.
3.11. The Inflammatory Changes Observed after PDT
The PDT efficacy presented in the Kaplan–Meier plots indicates that the hydrophilic PS is most
effective in V-PDT, the amphiphilic compound is suitable for both V- and E-PDT and the hydrophobic
one shows superior activity in C-PDT. It is interesting to further explore the biological responses of
these protocols and their possible connection with the very diverse therapeutic outcomes.
We observed differences in acute biological responses to PDT, such as edema and erythema, in
vascular and cellular protocols (Figure 10). Edema usually appeared immediately after V-PDT and
E-PDT, attained its maximum 24 h post-treatment and lasted until day 3–4. However, strong erythema
and hyperemia were only present in animals subjected to F2BOH-V-PDT. For F2BMet-V-PDT the
illumination area is characterized by large swelling, whereas after Cl2BHep-C-PDT, any strong edema
is not observed. In the case of the F2BMet-V-PDT edema of the leg with the tumor, which was maximal
at 3 h then decreased up to day 4, and then the progressive darkening of the tumor and scab formation
are observed. For C-PDT, the inflammatory changes appear milder without significant edema, and
tumor involution occurs over a prolonged period with the increase in necrotic area, as opposed to the
acute effects observed with V-PDT. The different therapeutic protocols seem to generate a different
immune response, which is likely to influence the therapeutic outcome.
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3.12. Examination of Inflammatory Cytokines Changes Induced by PDT
We further explored the inflammatory responses observed with different PSs and protocols
evaluating changes in selected cytokines and proinflammatory mediators present in the blood before
and 24 h after PDT using the Luminex xMAP technology, as shown in Scheme 2. The results in terms
of observed trends in all tested biomarkers changes are presented in Table 5. These biomarkers can
inform on the degree and mode of inflammation, infiltration of neutrophils, tumor cell death, as well as
the destruction of the vasculature [61]. A first overview identifies common trends such as significant
increases in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1β or TNFα. However, there are
also differences between the protocols.
Table 5. The trend in changes of selected cytokines and chemokines determined after
bacteriochlorin-based PDT. The analysis was performed using Luminex multiplexing assay in the
serum of individual mice before and after PDT (N = 6–7).
PS F2BOH F2BMet Cl2BHep
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT
IL-6
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Figure 11 focuses on the changes observed in the blood levels of interleukins. A significant 
increase in the concentration of IL-6 was observed in all cases (Figure 11a). The multidirectional 
nature of IL-6 interactions includes the participation in the activation of antigen-recognizing T 
lymphocytes (also LIF) as well as the production of acute-phase proteins indicating the early reaction 
in response to tissue damage. IL-6 expression was strongly and consistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on the PS, protocol 
or type of tumor treated [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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Figure 1  focuses on the changes observed in the blo d levels of interleukins. A significant 
increase in the concentration of IL-6 was observed in all cases (Figure 1 a). The multidirectional 
nature of IL-6 interactions includes the participation in the activation of antigen-recognizing T 
lymphocytes (also LIF) as well as the production of acute-phase proteins indicating the early reaction 
in response to tis ue damage. IL-6 expres ion was trongly and consistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on the PS, protocol 
or type of tumor treated [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensit ve, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tis ue [64]. 
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and se sitive, although n specific, dicator f various inflammatio s, which in this case should 
be identif e  wi h he des ruction of tumor tissue [64]. 
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3.12. Exam ation of Inflammator ytokines Changes Induced by PDT 
W fu th r explored the inflammatory respon s obse ved wi h different PSs and protocols 
ev luating chang s i  selec ed cytokine nd pro flamm y m dia ors present in the blood before 
and 24 h after PDT sing the Lumi ex xMAP technology, a  s own in Sch me 2. The results in terms 
of b erved trends in all t ted biomarkers chang s are pres nted i  Table 5. These biomarkers can 
i or  on the degre  nd m de of inflamma ion, infi tra i n of ne trophils, tumor cell death, as well 
as th destruction of the vasculature [61]. A ir  verview identifies common trends such as 
significa t i cr ses in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
Howev r, ther a e als  differ n es between the protocols. 
Table 5. T e re in changes of s lected cytokines n  chem k s determin d after bacteriochlorin-
based PDT. The analysis was performed using L i ex mult plexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT -  -P T C-PDT V-PDT E-PDT C-PDT 
IL-6         
IL-10  −    −  
IL-13    −    
IL-15   −     
KC         
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  i di ted ignif cantly (min two-tim s) in r ased or d creased the level of each biomarker,  
a d  are symbols f r t e no -significa  (high r or l wer) tende cy i  the concentration of 
biomark r. The t nd ncies were es ated i  c mpari n o v lu s obtained in the serum of the same 
individual animals before PDT. 
Fig re 11 focuses on the c anges obs ved i the blood levels of nterleukins. A significant 
increase in h  conce tr tion of IL-6 was observ d in all cases (Figure 11a). The multidirectional 
nature of IL-6 int ractio s includes he partic pati n i  the activation of antige -recognizing T 
lym h cytes (als  LIF) as well as h  productio  of acut -phase pr teins indicating the early reaction 
in respon e to ti ue dam g . IL-6 expr ssi  w s stro gly a d co sistently enhanced in PDT-treated 
mice, although the rol  of IL-6 in PDT-induced flammation may vary depending on he PS, protocol 
or typ  of umor tr at d [61–63]. Increased IL-6 conce trati  in plasma c n be considered as early 
and sens tive, although n specific, dicator f various inflammatio s, which in this case should 
be identifie  with he des ruction of tumor tissue [64]. 
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3.12. Examinatio  of Inflammatory Cytokines Changes Induced by PDT 
We further explo d th  i flammat y resp nse observed with different PSs and protocols 
v luati g ch nges in lected cyt kines an proinflammatory m diators present in the blood before 
and 24  after PDT using t  Lum ex xMAP tec nology, as shown in Sche e 2. The results in terms 
f ob rv t nds in all test d b om rk rs changes re presented in Table 5. These biomarkers can 
inf r o  he degre nd mod of infl mmati n, nfiltr ion of neutrophils, tumor cell death, as well 
s the destr ct on f the vascula ur  [61]. A first overview identifies common trends such as 
sig ific nt increase  i  IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
How v r, ther  ar  also difference  between the protocols. 
Tabl  5. The tr n  in chang  s ected cytokines and emokines determined after bacteriochlorin-
b d PDT. The analy is was perfor d using L minex multip exing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-  V-P T E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6         
IL-10  −    −  
IL-13    −    
IL-15   −     
KC        
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  i dicated ignifi antly ( in two-ti es) increased or decreased the level of each biomarker,  
and  ar  s mbols f r th  on-significant (higher or l wer) tendency in the concentration of 
biomarker. Th te d ncies wer  e ti ated in co parison to values obtained in the serum of the same 
individual animals before PDT. 
Figur  11 f cu s on the chan es observed the blood levels of interleukins. A significant 
inc e  in the concentration of IL-6 was obse ved in all ases (Figure 11a). The multidirectional 
natur  f IL-6 ter c ons i ludes the p rtic pation in the a tivatio  of antigen-recognizing T 
lymphocy s (also LIF) as w ll as he pro uc io  of acute-ph s proteins indicating the early reaction 
in response to ti ue damage. IL-6 expression was stro gly an  consistently enhanced in PDT-treated 
mice, although th  role of IL-6 i DT-i du ed inflammation may vary depending on the PS, protocol 
or ype of tum r tr ted [61–63]. In rea d IL-6 conc ntration in plasma can be considered as early 
a d sens tive, althoug  nonspecific, i dicator of variou  flammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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3.12. Examination of Inflammatory Cytokines Changes Induced by PDT 
W furth r explor d he inflammatory respons s observed with different PSs and protocols 
ev luating ch nges i  lec ed cytokine and pr flamma ory mediators present in the blo d before 
and 24  after PDT usi g the Lu inex xMAP technology, as hown in Sch me 2. The results in terms 
of ob rv trends in all t t d bio arkers ch ng s are pres nted in Table 5. These biomarkers can 
i f rm  the degre nd m d of inflammation, infi tration of neutrophils, tumor cell death, as well 
as th destruction of the vasculature [61]. A ir  verview identifies common trends such as 
ignificant i cr s s in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
H wever, ther a e als  differen es betwe n the protocols. 
Tabl  5. Th  re in changes of s ected cytokines an  chemokin s determined after bacteriochlorin-
based PDT. Th a aly is was perfo med using L i ex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-  E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13    −    
IL-15   −     
KC        
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicat d ignif cantly ( in two-t m s) in r ased or decreased the level of each biomarker,  
a d  ar  s mbols f r t  on-sig if ca t (high r or l wer) tende cy in the concentration of 
biomark r. Th te d nci s were st mated in comparison to values obtained in the serum of the same 
individual animals before PDT. 
Figur  1  f cus s on the c anges obs ved  the blo d levels of nterleukins. A significant 
crease in th once tration of IL-6 was obse v d i  all cases (Figure 1 a). The multidirectional 
nature of IL-6 nt ractio s i cludes the partic pati n i  the activation of antigen-recognizing T 
lym cytes (also LIF) as well as th  productio of acute-phase proteins indicating the early reaction 
i  response to ti sue damage. IL-6 expr s i  was tro gly and consistently enhanced in PDT-treated 
ice, although th  rol  of IL-6 in PDT-indu d inflammation may vary depending on the PS, protocol 
or type of tumor tr ted [61–63]. Increas IL-6 conce trati  in plasma c n be considered as early 
and sensit ve, althoug  no spec f , dicators f various inflammations, which in this case should 
be identified with the destruction of tumor tis ue [64]. 
IL-10
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3.12. Examinati n of Infl mmatory Cytokines Changes Induced by PDT 
e furth r explored the infla matory respon es observed with different PSs and prot cols 
evaluating changes in selected cytokines and proinfla matory mediators present in the blood before 
and 24 h after PDT using the Luminex x AP technology, as show  in Scheme 2. Th  results in terms 
f observed trends in all t sted biomarkers changes are presented in Table 5. These biomarkers can 
inform on th  degree and mode of inflammation, infiltratio  of neutrophils, tumor c ll death, as well 
as the destruction of the vasculature [61]. A f rst overview identifies common trends such as 
significant increases i  IL-6 or KC, a d tendencies to increase IL-10, IP-2, IP-1b or TNFa. 
Howev r, ther  ar  also difference  between the protocols. 
Table 5. The trend in changes of selected cytokines and chemokines d termined after bacteriochlo in-
based PDT. The analysis was performed using Luminex multiplexing assay in th  serum of individual 
mice before and after PDT (N = 6–7).  
PS  F2B et Cl2BHep 
Cytokine -  V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13    −    
IL-15   −     
KC        
IP-2  −   −   
LIX    − −   
LIF    − − −  
CP-1  −      
IP-1α −   − −   
IP-1β  −  − −   
IP-10  −  −  −  
IG    −  − − 
G -CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicated significantly (min two-times) increased or decreased the level of each biomarker,  
and  are symbols for the non-significant (higher or lower) tendency in the concentration of 
biomarker. The tendencies were estimated in comparison to values obtained in the serum of the same 
individual animals before PDT. 
Figure 11 focuses on the changes observed in the blood levels of interleukins. A significant 
increase in the concentration of IL-6 was observed in all cases (Figure 11a). The multidirectional 
nature of IL-6 interactions includes the participation in the activation of antigen-recognizing T 
lymphocytes (also LIF) as well as the production of acute-phase proteins indicating the early reaction 
in response to tissue damage. IL-6 expression was strongly and consistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on the PS, protocol 
or type of tumor treated [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
−
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3.12. Examination of I flammatory Cytokines Changes Induced by PDT 
W further explored the inflammatory respons s observe  with different PSs and protocols 
evaluating changes i  selected cytokines and proinflamma ory mediators present in the blood before 
and 24 h aft r PDT using the Luminex xMAP tec nology, as shown i Sch me 2. The results in terms 
of ob erved trend  in ll t ted biomarkers ch ng s are pr sented in Table 5. These biomarkers can 
i f rm n the degree nd mode f inflammation, infiltration of neutrophils, tumor cell death, as well 
as the destruction of the vasculature [61]. A ir t verview identifies common trends such as 
significant ncre ses in IL-6 or KC, and tendencies to incr ase IL-10, MIP-2, MIP-1b or TNFa. 
However, there are also differen es between the protocols. 
Table 5. The rend in changes of s lecte  cytokines an  ch mok s determined after bacteriochlorin-
based PDT. The analysis was performed usi g Lumi ex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS OH F2BMet Cl2BHep 
Cytokine V-  V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13    −    
IL-15   −     
KC        
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicated signif cantly (min two-tim s) incr ased or decreased the level of each biomarker,  
and  are symbols for t e non-significa t (higher or lower) tende cy in the concentration of 
biomark r. The tendencies were estimated in comparison to values obtained in the serum of the same 
individual animals before PDT. 
Figure 11 focuses on the c anges observed in the blood levels of nterleukins. A significant 
increase in the concentration of IL-6 was observ d in all cases (Figure 11a). The multidirectional 
nature of IL-6 int ractions includes the participati n i  the activation of antigen-recognizing T 
lymphocytes (also LIF) as well as the production of acute-phase proteins indicating the early reaction 
in response to tissue dam ge. IL-6 expressi  was strongly and consistently enhanced in PDT-treated 
mice, although the rol  of IL-6 in PDT-induced inflammation may vary depending on the PS, protocol 
or type of tumor tr ated [61–63]. Increased IL-6 conce trati  in plasma c n be considered as early 
and sensitive, although n nspecific, dicators f various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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3.12. Exami atio  of Inflammatory ytokines Changes Induced by PDT 
We furth r expl red the inflammatory responses observed wi h different PSs and protocols 
ev lu ting cha g s in selected cytokine nd pro flamm y m dia ors present in the blood before 
and 24 h after PDT sing t e Luminex xMAP technology, as s own in Scheme 2. The results in terms 
of observed trends in all t  biomarkers chang s are pre nted in Table 5. These biomarkers can 
infor  on the deg e  a d m de f inflam ation, infi tra i n of ne trophils, tumor cell death, as well 
as th destruction of the vas ulature [61]. A firs  overview identifies common trends such as 
significant i cr ases in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
Howev r, ther a e als  differ nces between the protocols. 
Table 5. T e tre  changes of selected cytokines a d chemoki es determin d after bacteriochlorin-
based PDT. The analysis was perfor ed using L inex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-  V-  E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6         
IL-10  −    −  
IL-13    −    
IL-15   −     
KC         
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  i di ted ignificantly (min two-times) in reased or decreased the level of each biomarker,  
a d  are symbols f r the non-significant (high r or l wer) tendency i  the concentration of 
biomark r. The t nd ncies were est ated i  c mpari on o values obtained in the serum of the same 
individual animals before PDT. 
Fig re 11 focuses on the changes obs ved i the blood levels of interleukins. A significant 
increase in h  conce tration of IL-6 was observed in all cases (Figure 11a). The multidirectional 
nature of IL-6 interactions includes the partic pation in the activation of antige -recognizing T 
lym h cytes (also LIF) as well as h  productio  of acute-phase proteins indicating the early reaction 
in response to ti sue damag . IL-6 expressio  was stro gly a d co sistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on he PS, protocol 
or type of umor treated [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although no specific, indicator of various inflammatio s, which in this case should 
be iden ifie  with he des ruction of tumor tissue [64]. 
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3.12. Exami ation of Inflammatory ytokines Changes Induced by PDT 
W furth  xplored the inflammatory respons s observed wi h different PSs and protocols 
ev luating ch ng s i  selected cytokines nd pr inflamm y m dia ors present in the blood before 
and 24 h after PDT s g t  Lu inex xMAP technology, as s own in Sch me 2. The results in terms 
of ob rved trends in all tested biomarkers ch nges are presented in Table 5. These biomarkers can 
i form on the degre  nd mode f inf ammation, infiltra i n of ne trophils, tumor cell death, as well 
as the destruction of the vasculature [61]. A ir t verview identifies common trends such as 
significant incre s s in IL-6 or KC, and tend ncies to increase IL-10, MIP-2, MIP-1b or TNFa. 
Howev r, there are also differ n es between the protocols. 
Table 5. T e re d in changes of sel cted cytokines an  chemoki s determin d after bacteriochlorin-
based PDT. Th a aly is was erfo med using Lumi ex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine -  V-  E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6         
IL-10  −    −  
IL-13    −    
IL-15   −     
KC         
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  i d ted signif cantly (min two-t m s) incr ased or decreased the level of each biomarker,  
and  are symbols for t e non-sig ifica t (higher or lower) tende cy i  the concentration of 
biomark r. The t nd ncies were sti ated i  c mpari on o values obtained in the serum of the same 
individual animals before PDT. 
Fig re 11 focus s on the c anges observed n the blood levels of nterleukins. A significant 
increase in he oncentration of IL-6 was obse v d i  all cases (Figure 11a). The multidirectional 
nature of IL-6 int ractions includes the participati n i  the activation of antige -recognizing T 
lymphocytes (also LIF) as well as he production of acute-phase proteins indicating the early reaction 
in response to tissue dam g . IL-6 expr ssi  was strongly a d co sistently enhanced in PDT-treated 
mice, although the rol  of IL-6 in PDT-induc d inflammation may vary depending on he PS, protocol 
or type of umor tr ated [61–63]. Increase IL-6 conce trati  in plasma c n be considered as early 
and sensit ve, although no specif , dicator f various inflammatio s, which in this case should 
be identifie  with he des ruction of tumor tissue [64]. 
−
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3.12. Examination of Inflammatory Cytokines Changes Induced by PDT 
W  furthe  explored he inflammat y r sponses observed with different PSs and protocols 
evaluating cha ges in s lect d cytok es and proinfla ma ory m dia ors p en  in the blood before 
and 24 h after PDT using t  Lu inex xMAP tec nology, as shown in Sch me 2. Th  esults in terms 
f obs rv d tre ds in ll t sted biomarker  changes ar  p esented in Tabl  5. These biomarkers can 
info m on the d gree and de of inflammatio , infil ation f neutrophils, tu or cell death, as well 
as the d tructio  f the v sculatur  [61]. A first overview identifies comm n trends such as 
significant incr ases i IL-6 r KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
However, there are also differences between the protocols. 
Table 5. The tr nd in changes of select d cytokines and chemokines t rmined after bacteriochlorin-
b sed PDT. The analysis was performed using Luminex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13    −    
IL-15   −     
KC        
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicated significantly (mi  t o-times) increas d or decreased the level of each biomarker,  
and  are symbols for the n -significant (higher or lower) tendency in the concentration of 
bio rker. Th  tendencies were estimated in comparison to values obtained in the serum of the same 
individual animals before PDT. 
Figure 11 focuses on th  chang s observed in the blood leve s of interleukins. A significant 
i cr a e in the oncentr tion of IL-6 w s bserved in all cases (Figure 11a). The multidirectional 
nature f IL-6 teractions incl d s the partic p ion in th  activation of ntigen-recognizing T 
ly phocytes (also L F) as well as the pro uction of acute-phas  proteins in cating th  early reaction 
in response to t ssue damage. IL-6 expressio  was strongly an  consistently enhanced in PDT-treated 
mice, al hough th  rol of IL-6 i  PDT-indu d inflammation ay va y depen ing on the PS, protocol 
or type of tumor tre ted [61–63]. Increa ed IL-6 co centr  in plasma can be considered as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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We further explor d the inflammatory responses observed with differe t PSs and protoc ls 
evaluating changes in selecte  cyt kines and pr i flammatory m iators pr sent in th  l od b fore 
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Table 5. The trend in changes o  sel ct d cytokin s and chemokines d termi ed after bacteriochlorin-
based PDT. The analysis was performed using Luminex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13    −    
IL-15   −     
KC        
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicated significantly (min two-ti s) incre s or decre s d the l vel of ach biomarker,  
and  are symbols for the non-significant (higher or lower) tend ncy in the c ncentration of 
biomarker. The tendencies were estimated in comparison to values obtaine  in the seru  of the same 
individual animals before PDT. 
Figure 11 focuses on the changes observ d in the blood levels of i terleukins. A significant 
increase in the concentration of IL-6 as observed in all cases (Figure 11a). The multidirectional 
nature of IL-6 interactions includes the partici ation in th  activatio  of nti en-recognizing T 
lymphocytes (also LIF) as well as the production of ac t -p as  proteins indicating the arly reaction 
in response to tissue damage. IL-6 xpression was str ngly and c nsistently enhanc d in PDT-treat d 
mice, although th  role of IL-6 in PDT-induced inflammation may vary depending  the PS, protocol 
or type of tumor treat  [61–63]. Increased IL-6 co centration in plasma can b  considered as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicated significantly (min two-times) increased or decreased the level of each biomarker,  
and  are symbols for the non-significant (higher or lower) tendency in the concentration of 
biomarker. The tendencies were estimated in comparison to values obtained in the serum of the same 
individual animals before PDT. 
Figure 11 focuses on the changes observed in the blood levels of interleukins. A significant 
increase in the concentration of IL-6 was observed in all cases (Figure 11a). The multidirectional 
atur  f IL-6 interactio s includes the participation in the activ tion of antigen-recognizing T 
lymphocytes ( lso LIF) as well as the pro uction of acute-ph se proteins indic ting the early reaction 
in esponse to tis ue damage. IL-6 express on was strongly a  consi tently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on the PS, protocol 
or type of tumor treated [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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Fig re 11 focuses on the changes observed in the blood levels of interleukins. A significant 
increase in he concentration of IL-6 was observed in all cases (Figure 11a). The multidirectional 
ature of IL-6 interactio s inclu es th  particip tion in the activation of antige -recognizing T 
ymphocytes (also LIF) as well as h  p o uction of acu e-phase pro ei s indicating the early reaction 
in response to tissu  damag . IL-6 expression was strongly a d co sistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on he PS, protocol 
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and sensitive, although no specific, indicator of various inflammatio s, which in this case should 
be iden ifie  with he des ruction of tumor tissue [64]. 
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IL-13    −    
IL-15   −     
KC        
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  i i ated sig ificantly (m w -t m s) incr s r decre s d the l vel of ach biomark r,  
d  ar  symbols for the n n-sig ificant (higher or ow r) t ndency in the concentration of 
biomark r. The te dencie  were stimated i  compariso  to values obtained in the serum of the same 
i dividual animals bef re PDT. 
Figure 11 focus s on the changes observ d n th blood levels of i terleukins. A si ificant 
incr ase in the ncentr tion of IL-6 as obse ved i  ll cases (Figure 11a). The multidirectional 
nature f IL-6 interactions includ s the partici ation in the activatio  of antigen-recognizing T 
lymphocytes (also LIF) s well s the productio of c t -phas  roteins i dicati  the arly reacti n 
in response to tissue damage. IL-6 xpr ssion w s stro gly nd co sistently enhanced in PDT-treated 
mice, although th  r le f IL-6 in PDT-i uc d inflam ation may vary depending  the PS, protocol 
or typ  of tumor treat  [61–63]. Increase  IL-6 concentration in plasma can be considered as early 
and sensit ve, although nonspecif , indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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d  ar  s mbols for th  n n-si nificant (higher r ow r) tendency i  the concentration of 
biomark r. The t d ncies were esti ated i  c mpari on o values obtained in the serum of the same 
i dividual animals bef re PDT. 
Fig r  11 f cuses on the changes observed in the blood levels of i terleukins. A si ificant 
increas  in he concentr tion of IL-6 was observed in all cases (Figure 11a). The multidirectional 
n ture f IL-6 nteractions i clud s th  participation in the activatio  of antige -recognizing T 
lymphocytes (also LIF) as well as he pr duction of cute-phas  roteins i dicati  the early reacti n 
in response to tissue dam ge. IL-6 expr ssion w s stro gl  d co sistently enhanced in PDT-treated 
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be iden ifie  with he des ruction of tumor tissue [64]. 
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a d  are sy bols for th  n n-s gnificant ( igher or lower) tendency in the concentration of 
b omark r. T  te de ci s w re estimated in comparison to values obtained in the serum of the same 
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Figure 11 focuses on the changes observed in the blood levels of interleukins. A significant 
i crease in the c nc ntratio  of IL-6 was ob erved in all ca es (F gure 11a). The multidirectional 
nature  interactions includes the participation in the activation of antigen-recognizing T 
ly p o ytes (also LIF) as w ll as the production of acute-phase pr teins indicating the early reaction 
in response to tissue damage. IL-6 xpress on was strongl  and co sist ntly enhanced in PDT-treated 
ice, although th  role of IL-6 in PDT-induced inflammation may vary d pending on the PS, protocol 
or type of tumo  treated [61–63]. Incr ased IL-6 concentration in plasma can be considered as early 
and sensitive, although n sp cific, indicator  f v rious inflammations, which in this case should 
be dentif ed wit  the destructi n of tumor tissue [64]. 
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based PDT. The analysis was performed using Luminex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
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Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13    −    
IL-15   −     
KC        
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicated significantly (min two-times) increased or decreased the level of each biomarker,  
and  are symbols for the non-significant (higher or lower) tendency in the concentration of 
biomarker. The tendencies were estimated in comparison to values obtaine  in the seru  of the same 
ndividual animals before PDT. 
Figure 11 focuses on the changes observed in the blood levels of interleukins. A significant 
increase in the concentration of IL-6 was observed in all cases (Figure 11a). The multidirectional 
nature of IL-6 interactions includes the participation in the activation of antigen-recognizing T 
lymphocytes (also LIF) as well as the production of acute-phase proteins indicating the early reaction 
in response to tissue damage. IL-6 expression was strongly and consistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on the PS, protocol 
or type of tumor treated [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  i d ted significantly (min two-times) increased or decreased the level of each biomarker,  
and  are symbols for the non-significant (higher or lower) tendency i  the concentration of 
biomark r. The t nd ncies were esti ated i  c mpari on o values obtained in the serum of the same 
ndividual animals before PDT. 
Fig re 11 focuses on the changes observed in the blood levels of interleukins. A significant 
increase in he concentration of IL-6 was observed in all cases (Figure 11a). The multidirectional 
nature of IL-6 interactions includes the participation in the activation of antige -recognizing T 
lymphocytes (also LIF) as well as he production of acute-phase proteins indicating the early reaction 
in response to tissue damag . IL-6 expression was strongly a d co sistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on he PS, protocol 
or type of umor treated [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although no specific, indicator of various inflammatio s, which in this case should 
be iden ifie  with he des ruction of tumor tissue [64]. 
−
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3.12. Examinatio  f Inflammato y Cyt kines C anges Induc  by PDT 
W furth r explored the inflammatory respons s observed with different PSs and protocols 
evaluating changes i  selected cytokine and pro flamma ory mediators present in the blood before 
and 24 h after PDT using the Luminex xMAP technology, as shown in Sch me 2. The results in terms 
of ob erved trends in all t ted biomarkers chang s are pres nted in Table 5. These biomarkers can 
i form on the degree nd m de of inflammation, infi tration of neutrophils, tumor cell death, as well 
as th destruction of the vasculature [61]. A ir  verview identifies common trends such as 
significant i cr ses in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
However, ther a e als  differen es between the protocols. 
Table 5. The re in changes of s lected cytokines an  chemokin s determined after bacteriochlorin-
based PDT. The analysis was performed using L i ex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13    −    
IL-15   −     
KC        
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicated ignif cantly (min two-tim s) in r ased or decreased the level of each biomarker,  
a d  are symbols f r t e non-significa t (high r or l wer) tende cy in the concentration of 
biomark r. The tendencies were est mated in comparison to values obtained in the serum of the same 
ndividual animals bef re PDT.
Figure 11 focuses on the c anges obs ved i  the blood levels of nterleukins. A significant 
increase in th  conce tration of IL-6 was observ d in all cases (Figure 11a). The multidirectional 
nature of IL-6 int ractions includes the partic pati n i  the activation of antigen-recognizing T 
lym h cytes (also LIF) as well as th  productio  of acute-phase proteins indicating the early reaction 
in response to ti sue dam ge. IL-6 expressi  was stro gly and consistently enhanced in PDT-treated 
mice, although the rol  of IL-6 in PDT-induced inflammation may vary depending on the PS, protocol 
or type of tumor tr ated [61–63]. Increased IL-6 conce trati  in plasma c n be considered as early 
and sensitive, although n specific, dicators f various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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W  furthe  explored h  inflammatory r sponses observed w th different PSs and protocols 
evaluating changes in selected cyt k es and proi flamma ory m dia ors pres nt in the blood before 
and 24 h after PDT using th  Lumi ex xMAP t c nology, as shown in Sche e 2. The results i  terms 
of observed tre ds in ll teste biomarker  changes are pr sented in Table 5. These biom rkers can 
inform on the degree and mode of inflammatio , infil ation f neutrophil , tu or cell d ath, as well 
a  the des ructio  of the vasculature [61]. A first overv ew id ntifies common trends such as 
significant inc ases i IL-6 r KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
However, there are also differences bet een the protocols. 
Tabl  5. The tr n  in changes of selected cytokin s and chemokines determined after bacteriochlorin-
based PDT. The analysis was performed using Lumin x multiplexing assay in the serum of individual 
mice before and after  (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13    −    
IL-15   −     
KC        
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MC   −      
MIP-1α −   − −   
M β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CS  −  − − − − 
VEG    − −  −  
TNFα    − − −  
,  indicated significantly (mi  two-ti es) i creas d r decr as d th  level f each biomarker,  
and  are symbols for the - ignifica t (higher or lower) tendency in the concentration of 
biomark r. The tende cies were estimated in c mparison to values obtained i  the serum of the same 
individual animals efor  PDT. 
Figure 11 fo uses on th  changes ob erved in the b ood leve s of interleukins. A significa t 
incr a e in the oncentration of IL-6 was bserved n all cas s (F gure 11a). The multidirectional 
nature f IL-6 interactions incl d s the partic pa ion in t  activat on of antigen-recognizing T 
ly phocytes (also LIF) s well as th  pro uction of acut -ph s  proteins indicating the early reaction 
in response to t ssue damage. IL-6 expressio  was strongly a d consistently ha ced in PDT-treated 
mice, although th  rol of IL-6 i  PDT-induced inflammation may va y depending on the PS, protoco  
or type of umor re ted [61–63]. In reased IL-6 co centratio  in plasma can be co sidered as early 
and sensitive, although nonspecific, indicator  of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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IL-13    −    
IL-15   −     
KC         
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  i d ted significa tly (mi  two-tim s) i re s d or decreased the level of each biomarker,  
and  are symbols for the o -sig fic t (higher or lower) tendency i  the concentration of 
bio rk r. Th  t nd cies wer  sti ated i  c mpari o  o values obtained in the serum of the same 
individu l animals efore PDT. 
Fig re 11 fo uses on th ch ng s observed in the blood leve s of interleukins. A significant 
incr ase in he oncentration of IL-6 w s bserved in all cases (Figure 11a). The multidirectional 
nature f IL-6 interactions incl des the particip ion in th activation of ntige -recognizing T 
lymphocytes (also L F) as well as he production of acu -phase proteins in cating th  early reaction 
in response to t ssue damag . IL-6 xpressio  was strongly a  consistently enhanced in PDT-treated 
mice, al hough the rol of IL-6 in PDT-indu d i fl mmation ay vary depen ing on he PS, protocol 
or type of umor tre ted [61–63]. In reased IL-6 co centr  in plasma can be considered as early 
and s nsitive, although no specific, indicator of various inflammatio s, which in this case should 
be iden ifie  with he des ruction of tumor tissue [64]. 
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MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  i d ted signif ca tly (min t o-tim s) incr s or decre sed the level of each biomarker,  
and  are symbols for t e -significa t (higher or lower) tende cy i  the concentration of 
bio ark r. The t d ncies wer  esti ated i  c mpari o  o values obtained i  th  s rum of the same 
individu l animals efore PDT. 
Fig re 11 fo uses on th c nges observ d in the blood levels of nterleukins. A significant 
i crea e in he concentr tion of IL-6 as observ d in all cases (Figure 11a). The multidirectional 
nature of IL-6 t ractions incl d s the partic ati n i  the activatio  of antige -recognizing T 
ly phocytes (also LIF) as well as he pro uction of ac -phas  proteins indicating the arly reaction 
in response to tissue dam g . IL-6 xpressi  was strongly a d co sistently enhanced in PDT-treated 
mice, although th  rol of IL-6 i  PDT-induced infl mmation may va y depending  he PS, protocol 
or type of umor tr at  [61–63]. In rea ed IL-6 conce trati  in plasma c n be considered as early 
and s nsitive, although n specific, dicator f various inflammatio s, which in this case should 
be identifie  with he des ruction of tumor tissue [64]. 
KC
J. Clin. Med. 2020, 9, 8 18 of 25
 
3.12. Examination o  Inflammatory Cytokines Change  I uced by PDT 
We further explor d the inflammatory responses observed with differe t PSs and protoc ls 
evaluating changes in selecte  cytokin s and pr inflammatory mediators pr s nt in th  blood b fore 
and 24 h after PDT using th  Lumi x xMAP techn logy, as shown in Schem  2. The results in terms 
of observed trends in all tested biomarkers ch ng s are pres nted in Table 5. Thes  biomarkers can 
inform on the degree and mod  of i flammation, infiltration of neutrophils, tumor cell d ath, as well 
as the destruction of the vasculature [61]. A first ov rvi w identifies c mmon tre ds such as 
significant increases in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
However, there are also diffe ces betw en th  protocol . 
Table 5. The trend in changes o  selected cytokines an chemokines d termined after bacteriochlorin-
based PDT. The analysis was performed us g Lu inex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13    −    
IL-15   −     
KC        
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicated significantly (min two-tim s) i r s or decre sed the l vel of ach biomarker,  
and  are symbols for the non-sig fic nt (higher or lower) end ncy in th  c nce rati  of 
biomarker. The te dencie  wer  estimated i  omparis n to values t ine  in the ser  of the sam  
individual animals befor  PDT. 
Figure 11 focus s on the change  observ d in the blood levels of i terleukins. A significant 
increase in the concentration of IL-6 as observed in all cases (Figure 11a). The multidirectional 
nature of IL-6 interactions includes the partici ation in th  activatio  of antigen-recognizing T 
lymphocytes (also LIF) as well as the production of ac t -p as  proteins indicating the arly reaction 
in response to tissue damage. IL-6 xpression was str ngly and consistently enhanc d in PDT-treat d 
mice, although th  role of IL-6 in PDT-induced i flammation may vary depending  the PS, protocol 
or type of tumor treat  [61–63]. Increased IL-6 co centration in plasma can be considered as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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ev luating chang s in selecte  cyt kin s nd proi flamm y m ia ors pr sent in th  blood b fore 
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of observed trends in all tested biomarkers ch ng s are pr sented in Table 5. These biomarkers can 
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based PDT. The analysis was performed us g Lu inex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-  E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6         
IL-10  −    −  
IL-13    −    
I -15   −     
KC         
I -2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  i d ted sig ificantly (min two-ti s) incre s or decre s d the l vel of ach biomark r,  
and  are symbols f r t e non-si nificant (higher or lower) nd ncy  th  c nce r tion o  
biomark r. The t d ncie  were esti ated i  c mpari  o valu  ained i  the serum  the same 
individual animals bef r  PDT. 
Fig r  11 focus s on the change  observ d in the blood levels of interleukins. A si ificant 
increase in he concentr tion of IL-6 as ob erved in all cases (Figure 11a). The multidirectional 
nature f IL-6 interactions includ s the partici ation in th activatio  of antige -recognizing T 
lymphocytes (also LIF) as well as he production of c t -phase proteins indi ati  the arly reacti n 
in response to tissue damag . IL-6 xpr ssion was strongly d co sistently enhanced in PDT-treated 
mice, although th  r le of IL-6 in PDT-i uced inflammation may vary depending  he PS, protocol 
or typ  of umor treat  [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although no specific, indicator of various inflammatio s, which in this case should 
be iden ifie  with he des ruction of tumor tissue [64]. 
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KC         
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VEGF   − −  −  
TNFα    − − −  
,  i ted sig if cantly (m two-tim s) i r ased r decreased the l vel of ach biomark r,  
d  ar  symbols for t e non-sig fic t (higher or ower) d ncy t c nce ratio  o  
biomark r. The t d ncie  ere e ti ate in mp ri n o valu  t ined in the serum f the am  
i dividual a imals befor  PDT. 
Fig r  11 fo us s on the c ang s observed in the blood levels of terleukins. A si ificant 
increa e in he concentr tion of IL-6 was observ d in all cases (Figure 11a). The multidirectional 
nature f IL-6 int ractions includ s the participati n i  th activatio  of antige -recognizing T 
lymphocytes (also LIF) as well as he production of cute-phas  roteins i dicati  the early reacti n 
in response to tissue dam ge. IL-6 expr ssi  w s stro gly d co sistently enhanced in PDT-treated 
mice, although the r l  of IL-6 in PDT-i uced i flam ation may vary depending o  he PS, protocol 
or typ  of umor tr ate  [61–63]. Increased IL-6 conce trati  in plasma c n be considered as early 
and sensitive, although n specific, dicator f various inflammatio s, which in this case should 
be identifie  with he des ruction of tumor tissue [64]. 
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TNFα    − − −  
,  indicated significantly (min two-times) i creased or d creased the lev l of each bi mark r,  
and  are symbols for the no -significa t (higher or lower) te dency i  the concentr tion of 
biomarker. Th tendencies w e estimated in comparison o values b aine  the s ru  of the same 
individual animals before PDT. 
Figure 11 focuses on the changes observed in the blood levels of interleukins. A significant 
increase in the concentration of IL-6 was observed in all cases (Figure 11a). The ultidirectional 
nature of IL-6 interactions includes the participation in the activation of antigen-recognizing T 
lymphocytes (also LIF) as well as the production of acute-phase proteins indicating the early reaction 
in response to tissue damage. IL-6 expression as strongly and consistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on the PS, protocol 
or type of tumor treated [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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mice, although the rol  of IL-6 in PDT-induced inflammation may vary depending on the PS, protocol 
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and sensitive, although n nspecific, dicators f various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
J. Clin. Me . 2020, 9, 8 18 of 25 
 
3.12. Exami ation of Inflamm to y ytok es Chang Induc d y PD  
W  furth r xplored the infla tory r spo ses observ  wi h different PSs and protocols 
ev luating chang s in selecte  cytokine nd pro flam y m ia ors present in the blood before 
and 24 h fter PDT sing the Luminex xMAP technology, as s own in Scheme 2. The results in terms 
of observed trends in all t ted biomarkers chang s are pres nted in Table 5. These biomarkers can 
inform on the degre  and m de of inflammation, infi tra i n of ne trophils, tumor cell death, as well 
as th destruction of the vasculature [61]. A firs  overview identifies common trends such as 
significant i cr ases in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
Howev r, ther a e als  differ ces bet en the protocols. 
able 5. T e tre in changes of selected cytokines a d chemoki es eter in d after bacteriochlorin-
based PDT. The analysis was performed using L inex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-  E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10      −  
I -13        
I -15   −     
K         
IP-2        
LIX        
LIF     −   
MCP-1  −      
MIP-1α −       
MIP-1β  −   −   
IP-10  −      
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  − 
TNFα    − − −  
,  i di t d ignificantly (min t -time ) i reased o  d crea ed the level of ach biomark r,  
a d  are symbols f r th non-significant (hig r or l wer) te dency i the concentr tion of 
biomark r. Th nd ncie w e est at d i  c mpari o valu s btained in the serum of the s me 
individual animals bef re PDT. 
Fig re 11 focuses on the changes obs ved i the blood levels of interleukins. A significant 
increase in h  conce tration of IL-6 was observed in all cases (Figure 11a). The ultidirectional 
nature of IL-6 interactions includes the partic pation in the activation of antige -recognizing T 
ly h cytes (also LIF) as well as h  productio  of acute-phase proteins indicating the early reaction 
in response to ti sue damag . IL-6 expressio  as stro gly a d co sistently enhanced in PDT-treated 
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nature of IL-6 nt ractions i cludes the partic pati n i  the activation of antigen-recognizing T 
ly h cytes (also LIF) as well as th  productio  of acute-phase proteins indicating the early reaction 
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or type of tumor tr ted [61–63]. Increas d IL-6 conce trati  in plasma c n be considered as early 
and sensitive, althoug  n specific, dicators f various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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IL-15        
KC        
MIP-2  −   −   
LIX    − −   
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MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
NFα    − − −  
,  indicated significantly (min two-times) increased or decreased the level of each biomarker,  
and  r  sy ols for th  non- ignificant (higher o lower) te dency n the concentration of 
biomark r. The te e ci s were estim t d in comparison to values obta n d  the serum of the same 
individual anim ls bef re PDT. 
Fig r  11 focuses o  t  ha s observed in th  blood levels of interleukins. A significant 
increas  i  t  c ntr tion of IL-6 w s ob erv d i all ca es (F ur  11a). he multidirectional 
n tur  i t r ctio s in u es th  p rticip tion in the activati  of antigen-recognizing T 
ly ho y s (also LIF) s well s the pr du tio  f acut -ph se pr t ins indicating the early reaction 
n respons  to tis ue d mage. IL-6 expressi  wa  strongly a d consist tly enhanced in PDT-treated 
ic , alt ough th  r le f IL-6 i  -induced inflammation may vary d pending on the PS, protocol 
r type of tumo  treated [61–63]. Increased IL-6 c n entration in plasma can be considered as early 
and se sitive, although nonsp cific, ind cator of v ious inflammations, which in this case should 
be dentif ed wit  the destruct n of tumor tis ue [64]. 
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3.12. Examination of I flammatory Cytokines C anges Induced by PDT 
We further xplo ed  inflamm tory responses bs v d with diff r t PSs nd pr to s 
evaluating cha ges i  sel ct  cytokine  and proinfla matory med ators p ese t in the blood b f re 
and 24 h after PDT using the Luminex xMAP technology, as shown in Sch m  2. The r u ts in t rms 
of observed trends in all tested biomarkers changes are presented in Table 5. Thes  biomarkers can 
inform on the degre  and mode of infl mmation, infiltratio  of neutrophils, tumor cell eath, s well 
as the destruction of the vasculature [61]. A first overview identifies co mon trends such as 
significant increases in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or T Fa. 
However, there are also differences between the protocols. 
Table 5. The trend in changes of selected cytokines and chemokines determined after bacteriochlorin-
based PDT. The analysis was performed using Luminex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13    −    
I -15   −     
KC        
I -2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  − −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicated sig ificantly (min two-times) increased r d cr ased t  level of each biom rker,  
and  are symbols for the non-significant (higher or lower) t ndency n the conc ntr tion o  
biomarker. The tendencies were estimated i  ompariso  to valu  obtained in the serum  the same 
individual animals before PDT. 
Figure 11 focuses on changes obs rv d in th  bloo  levels of t rleukins. A signif can  
increase in the concentrati n of IL-6 was bse v d in all s (Figur  11a). The mul i irectio a  
nature of IL-6 interaction  includes e p rticipation i  the ct vatio  of n igen-recognizing T 
lymphocytes (also LIF) as ell as th  p oduction of acute-phase prot ins i dicating the early rea
in response to tissue damage. IL-6 expression was strongly and consistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary dependi g on the PS, prot col 
or type of tumor treated [61–63]. Increased IL-6 concentration in plasma can  consid red as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicated significantly (min two-times) increased or decreased the level of each biomarker,  
and  are symbols for the non-significant (higher or lower) ndency  th  conce ration o  
biomarker. The te dencies were estimated in comparis n to valu  obtained in the serum of the same 
individual animals before PDT. 
F gure 11 focuses on the changes ob erved in the blood leve s of interl ukins. A significant 
increase in the concentration of IL-6 was observed in all cases (Figure 11a). The multidirectional 
atur  of IL-6 interactions includes the participation in the activ tion of antigen-recog izing T 
lymphocytes (also LIF) as well a  the production f acute-phas  prot in  ind c ing the early reaction 
in sponse o tis ue damage. IL-6 express on was tro gly a  o si ntly nhanc  i  PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary d pending  the PS, prot ol 
or type of tumor treated [61–63]. Increased IL-6 c nce tration in plasma c n b  considered  e ly
and ensitive, although nonspec fic, indicators of variou  nflamm tion , which in this case h ld 
be identified with the destruction of tumor tissue [64]. 
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,  i d ted significantly (min two-times) increased or decreased the level of each biomarker,  
and  are symbols for the non-significant (higher or ower) t nd ncy the concentration o  
biomark r. The t nd ncies were e ti ated i  c mpari on o valu  obtained in the serum f the same 
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F g re 11 focuses on the changes ob erved in the b ood ev ls of interleukins. A significant 
increase in he concentration of IL-6 was observed in all cases (Figure 11a). The multidirectional 
nature of IL-6 interactio s includes the participation in the activation of antige -recognizing T 
ymphocytes (also LIF) as well as he pro ucti  f acu e-phas  pro e  dica ing the arly reaction 
in response to tissu  damag . IL-6 expre s o  was str ngly a d co sistently enhan  in PDT-treat d 
mice, altho gh the role of IL-6 n PDT- duced i flammation may vary d pe d g on he PS, prot ol 
or typ  of u or treated [61–63]. Increased IL-6 c entration i  plasm  a  be consider d  e ly 
nd s nsitive, although no pec fic, i ator of various inflamm tio , which in this cas  sho ld 
be iden fie  with he des ruc ion f tu or tissue [ 4]. 
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and 24 h after PDT usi g the Lu inex xMAP t chnology, s shown in Schem  2. Th  results in terms 
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GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicated ignificantly (min two-t mes) in reased or decreased the level of each biomarker,  
a d  are symbols f r the non- ig ificant (high r or l wer) te dency in the concentration of 
biomarker. The tendencies were st mated in comparison to values obtai ed in the serum of the sam
individual anim ls befor PDT.
F gure 11 focus s on the changes obs ved  the blood levels of interleukins. A significant 
increase in th once tration of IL-6 was obse ved i  all cases (Figure 11a). The multidirectional 
nature of IL-6 interactions includes the partic pation in the activation of antigen-recognizing T 
lym h cytes (also LIF) as well a  th  pr ductio f acut -phase pr t ins in icating the early reaction 
 r spon   ti sue damag . IL-6 expressio  was tro gly and cons stently nha ced i  PDT-treated 
m ce, although he r le of IL-6 in PDT-in uc d nfl mma ion may v ry d pendi g on th  PS, prot col 
or type of tumor tre te  [61–63]. Increa e  IL-6 con e tr ti  in plasma c n be c sidered as early 
and ensit ve, although no specif , indicators of variou  infl mmatio s, which i  this c se s oul  
be iden ifi d with the struct n of tumor tissue [64]. 
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F g r 11 f cus s on the changes observed n the blood levels of interleukins. A significant 
increase in he oncentration of IL-6 was obse ved i  all cases (Figure 11a). The multidirectional 
nature of IL-6 nteractions i cludes the participati n in the activati n of antige -recognizi g T 
lymphocy s (also LIF) a well a  h  p uction f acute-phas  prot ns ndicating the early reaction 
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mic , alth gh th  r l  f IL-6 n PDT-in uc d infl mma may v ry d p ding on he PS, prot col 
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LIF
J. Clin. Med. 2020, 9, 8 18 of 25
 
3.12. Examination of I flammato y Cyt kines C anges Induc  by PDT 
We furth r xplored he inflammatory responses obs rved with iffere t PSs a  proto l
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mice before and after PDT (N = 6–7).  
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IL-6        
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IL-13    −    
I -15        
KC        
I -2  −   −   
LIX    − −   
LIF    − − −  
MCP-1 −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicated significantly (min two-times) increased or decreased the level of each biomarker,  
and  are symbols for the non-significant (higher or lower) ndency  th  conce ration o  
biom rker. The te dencies were estimated in c mp ris n t  valu  obtai ed in the serum of the same 
ndivi ual a imals before PDT. 
Figure 11 focuses on the ha ges obs rv d in th  bl o  lev l f t rleuki s. A significan
increas  in the concentration f L-6 was bserv d i  ll c s (Fi ure 11a). he multidirectio a
natur  f IL-6 interaction  in lud s e p ticip tion i  the ct vation of a tigen-rec gnizing T
lymphocytes (also LIF) a  well as the pr duction of acute-ph e proteins indicati g th  early reac ion 
in response to tissue damage. IL-6 expre si  was strongly a d onsis ently enha ed in PDT-treated 
mice, although the role of IL-6 in PDT-induc d inflammation may vary depending on the PS, protocol 
or type of tumor treated [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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and  are symbols for the non-significant (higher or ower) t nd ncy the c ncentration o  
bi mark r. The t nd ncie  were e ti ated i  c mp ri on  valu  tai ed in the serum f the same 
divi ual animals befor  PDT. 
Fig re 11 f c ses on the hanges obs ved in the bloo  lev ls f int rleukins. A significant 
increase in he conce tr ti  of I -  was obs ved in ll s (Figur  11a). The mu t directio a  
nature f IL-6 interaction  includ s e p rticipation i  th ctivat n of tige -rec gnizing T 
lymp ocytes (also LIF) as well as he pr duction of acute-pha e protei  indicat g th  early re ction 
in response to tissue damag . IL-6 expre sion was strongly a d o istently enha ced in PDT-treated 
mice, although the rol  of IL-6 in PDT-induced inflammation may vary depending on he PS, protocol 
or type of umor treated [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although no specific, indicator of various inflammatio s, which in this case should 
be iden ifie  with he des ruction of tumor tissue [64]. 
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signif ant incre ses in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNF . 
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Table 5. T e rend in changes of s lected cytokines an  chemoki s determin d after bacteriochlorin-
based PDT. The analysis was performed using Lumi ex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
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Cytokine V-PDT V-  E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6         
IL-10  −    −  
IL-13    −    
IL-15        
KC         
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  i d ted signif cantly (min two-ti s) incr ased or decreased the level of each biomarker,  
and  re sym ols for t e non-significa t (higher o  ower) end cy th  conce ration of 
bi mark r. The t d ncies were e ti t d i  c mpari n  values obta  n the serum f the same 
divi ual animals bef re PDT. 
Fig re 11 f us s o  the c ang s obs rved in the bloo  l vels of nterleuki s. A signific nt
increase i he conce tr ti  of L-6 was obse v d i all s (Figure 11a). The ultidir ctio l
natur  of IL-6 int r ctio  includes  pa ticipati n i  the ctivation of ntige -recogniz g T
lymphocytes (also LIF) well as he production of acut -phas  proteins i dic ting the early reaction 
in response to tissue dam g . IL-6 expressi  was strongly a d c istently enha ced in PDT-treated 
mice, although the rol  of IL-6 in PDT-induced inflammation may vary depending on he PS, protocol 
or type of umor tr ated [61–63]. Increased IL-6 conce trati  in plasma c n be considered as early 
and sensitive, although n specific, dicator f various inflammatio s, which in this case should 
be identifie  with he des ruction of tumor tissue [64]. 
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3.12. Examination of Inflammatory Cytokines Changes Induced by PDT 
We further explored the inflammatory responses observed with different PSs and protocols 
evaluating changes in selected cytokines and proinflammatory mediators present in the blood before 
and 24 h after PDT using the Luminex xMAP technology, as shown in Scheme 2. The results in terms 
of observed trends in all tested biomarkers changes are presented in Table 5. These biomarkers can 
inform on the degree and mode of infla mation, infiltration of neutrophils, tumor cell death, as well 
as the destruction of the vasculature [61]. A first verview identifies common trends such as 
significant increases in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
How ver, the r  also diff nces be we the r c ls. 
Table 5. The tre  i chang s e t d cytoki es a  chem ki es determi ed after bacteriochlor -
ba ed PDT. The a alysis was p rfor ed u ing Luminex multiplexin  ass y in th  serum of individual 
ice b for and after PDT (N = 6–7).  
PS F2BOH F2BM t C 2BHep 
Cytoki e V-PDT V-PD  E-PDT C-PD V-PDT E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13    −    
15   −     
KC        
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
IP- α −   − −   
MIP- β  −  − −   
IP-10  −  −  −  
MIG      − − 
G - SF  −  − − − − 
VEGF   − −  −  
TNFα     − −  
,  indicated significantly (min two-times) increased or decreased the level of each biomarker,  
and  are symbols for the non-significant (higher or lower) tendency in the concentration of 
biomarker. The tendencies were estimated in comparison to values obtained in the serum of the same
individual animals before PDT. 
Figure 11 foc ses on the changes observed in the blood levels of interleukins. A significant 
increase in the concentration of IL-6 was observed in all cases (Figure 11a). The multidirectional 
nature of IL-6 interactions includes the participation in the activation of antigen-recognizing T 
lymphocytes (also LI ) as well as the production of acute-phase proteins indicating the early reaction 
in response to tissu  da ag . IL-6 xpr ssion was strongly and consistently enh nced in PDT-treated 
mice, alt ough the role f IL-6 in PDT-i duced inflam ation ay vary depending on the PS, protocol 
o  typ  of tum r t ate [61–63]. I cr s d IL-6 ncentra on plasma c n be c sidered s early 
d s sitiv , a t g n p ific, i d ca s f var us fl m tions, which i  this ca  should
be id tifi  with th  u io of t or tissu [64]. 
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3.12. Examination of I f amm tor  Cytokines C anges Induced by PDT 
We further explor d the inflammatory responses bs r d with different PS  an  p otoc l
evaluati g changes in selecte  cyt kin s and proi flammatory mediator  p sent in th  blo d before
and 24 h after PD  using t  Lum x xMA  t chn l gy, as shown in S h  2. he r ults in t rms 
of observed trends in al  tested biomarkers ch nge  are r nt in a l hes b o arker ca
inform on the d gre  a d mod  f i fla matio , infiltrati n of neut ophils, tumor c ll d ath, as w ll 
as the destruction of the vasculature [61]. A first ov rvi w identifies c mmo  trends such as 
significant increases in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
However, there are also diffe ces betw en th  protocol . 
Table 5. The trend in changes o  selected cytokin s and chemokines determined after bacteriochlorin-
based PDT. The analysis was performed using Luminex multiplexing assay in the serum f individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13    −    
I -15   −     
KC        
I -2     −   
LIX        
LIF      −  
MCP-1        
MIP-1α −    −   
MIP-1β        
IP-10  −      
MIG     − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicat d sig ificantly (min two-ti s) i r s r decr s d th level f e ch biom rker,  
and  are symbols for the non-s g f c nt (higher or lower) ndency n th  c nce rati  o  
biomarker. The te dencies were estimated i  omparis n to valu  tained i  the s rum of the same 
individual animals befor  PDT. 
Figure 11 focus s on the cha ges obs rv d i  the blood levels f t rleuki s. A ignifican
increase in the co centration of L-6 as served i  all cas s (Figure 11a). The ultidi cti nal
natur  of IL-6 interactions includes the p tici ation in th  activation of a tig -recogn zing T
lymphocytes (also LIF) a  well as the production of ac te-phase proteins indicating the arly reaction 
in response to tissue damage. IL-6 xpression was strongly and consistently enhanced in PDT-treated 
mice, although th  role of IL-6 in PDT-induced i flammation may vary depending  the PS, protocol 
or type of tumor treat  [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
−
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3.12. Exami ation of I f amm tory Cyt kines C a ges I uc d by PDT 
W f rthe  explored t e inflam at ry respo s s bs rved with different PSs and proto ls 
valuating changes i  selecte  cyt k  and proinflamma ory m iators pr sent n th  blood b fore
an  24 h aft r PD  u i  t  Lu x xMA  t chn logy, as s own in S m  2. The r su ts in terms 
of b erved trends in ll test  b omarkers ch ng s are pr ented in Table 5. These biom rkers ca
i  on th  degre   mod  of i fla ma ion, i filtr tion of neutrophils, tumor cell de th, as well 
as the destruction of the vasculature [61]. A ir t verview identifies co mon trends such as 
significant incre ses in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
How ver, there re also diffe es b tween  protocols. 
T bl 5. The rend in changes o  s lected cytokines an  chemokin s determined after bacteriochlorin-
based PDT. The analysis was performed using Lumi ex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
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Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6          
IL-10  −    −  
IL-13    −    
I -15   −     
KC        
I -2     −   
LIX        
LIF      −  
MCP-1        
MIP-1α −    −   
MIP-1β        
IP-10  −      
MIG       − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  i ic ted si if c tly (m two-tim s) incr s r decr sed t l vel of ch bi mark r,  
d  r  sym ols o  t e on-significa t (higher o ower) nd ncy n t  c ncen ration o  
biomark r. The te dencie  were estim t d i  ompari n o valu  t in d i  the s rum f the am  
i dividual animals efor  PDT. 
Figur  11 f us s o  the c a g s obs rv d in the bl o  l v ls f t rleuki s. A si ificant 
increase in the co centr tion of IL-6 as bserv d i all c  (Fig re 11a). The ultidirectio a  
nature f IL-6 int r ction  includ s e partici ati n i  the ct vatio of antigen-recognizing T 
lymphocytes (also LIF) as well as the production of c t -phas  roteins i dicati  the arly reacti n 
in response to tissue dam ge. IL-6 xpr ssi  s stro gly nd co sistently enhanced in PDT-treated 
mice, although th  r l  of IL-6 in PDT-i uced inflam ation may vary depending  the PS, protocol 
or typ  of tumor tr at  [61–63]. Increased IL-6 conce trati  in plasma c n be considered as early 
and sensitive, although n nspecific, dicators f various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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3.12. Exami atio  of I f mm tory ytokines C a g s I duced by PDT 
W  f rt r e pl d t e inflam t ry respo s s bs v d wi h differ t PSs and proto ls 
v lu ting chang s in selected cytokin nd pro flamm y m ia ors pres nt in th  blood before 
a d 24 h after PD  sing t  Lu x xMAP t chn logy, as s own in Sc eme 2. The r sults in terms 
of ob erv d trend  in all te ted biomarkers ch ng s are pres nted T ble 5. Th e bio rkers ca
infor  n the d gre  and m d  of i fla ma ion, i fi tra i n of n trophils, tumor cell de th, s well 
as th destruction of the vasculature [61]. A firs  verview identifies co mon trends such as 
significant i cr ases in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
How v r, ther  als d ff r ces b tween  protocols. 
T bl 5. T e tre in changes of selected cytokines a d chemoki es determin d after bacteriochlorin-
based PDT. The analysis was performed using L inex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-  E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6         
IL-10  −    −  
IL-13    −    
I -15   −     
KC         
I -2     −   
LIX        
LIF      −  
MCP-1        
MIP-1α −    −   
MIP-1β        
IP-10  −     
MIG      − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  i i te  ig ifi a tly (m wo-ti es) in re s d r d cr ased t  l v l of ach bi m rk r,  
d  r  sym ols r the non- ign ficant (high r o wer) d ncy th  conce ration o  
biomark r. The t d cies wer  e t t d i  c mpari n o valu  obtain d i  the serum f the same 
i dividual animals before PDT. 
Fig re 11 fo uses on the ch ng s obs ved in the bl o  lev ls f i terleuki . A si ificant 
increas  in h  of IL-6 was bse v d in all s (Fig re 11a). The ul idirectio al 
n ture f IL-6 interaction  includ s e partic pa ion in the ctivatio  of ntige -recognizing T 
lym h cyte  (also LIF) as well as h  productio  of cute-phas  roteins i dicati  the early reacti n 
in response to ti sue damage. IL-6 expr ssio  s stro gly d co sistently enhanced in PDT-treated 
mice, although the r le f IL-6 in PDT-i uced inflam ation may vary depending o  he PS, protocol 
or typ  of umor treate  [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although no specific, indicator of various inflammatio s, which in this case should 
be iden ifie  with he des ruction of tumor tissue [64]. 
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W f rt er e pl ed t e infla m t ry respons s bse ved wi h differ t PSs a  protocol
v lu ti g ch ng s i  s lected cytokin s nd pr i flamm y m dia ors present in the blo d before
and 24 h aft r PD i g t  Lu x xMAP t chn l gy, s s o n in Sch me 2. The r sults in terms 
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as the destruction of the vasculature [61]. A ir t verview identifies common trends such as 
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How v r, ther  r  also d ff r es b twe n t  protocols. 
T ble 5. T e re d in changes of s lected cytokines an  chemoki s determin d after bacteriochlorin-
based PDT. Th a aly is was perfo med us g Lumi ex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
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IL-10      −  
I -13        
I -15   −     
KC         
I -2        
LIX        
LIF        
MCP-1        
MIP-1α −       
MIP-1β        
IP-10  −      
MIG       − 
GM-CSF  −  − − − − 
VEGF   − −  − 
TNFα    − − −  
,  i te  signif tly (m wo-t s) increased r crease th  l v l of each biomarker,  
d  r  sym ols for t e non- ig ifica t (higher o ower) t d cy  c ncentration  
biomark r. The t nd ci  wer  ti t d i  c mpari  o valu  tain d in the serum f the sam  
i dividu l animals efor  PDT. 
Fig e 11 f cus s on the c a es observed n th  blood levels f terleuki s. A significant
i cr as  in he centration of L-6 was bse v d i  ll ases (Figure 11 ). The multidirectional
n tur  of IL-6 int ractions includ s the pa ticipati n i  he activation f ntige -recognizing T
lymphocytes (also LIF) well s he productio of acut -phas  roteins i dicating the early reaction 
in response to tissue damage. IL-6 expr ssi n w s stro gly a d co sistently enhanced in PDT-treated 
mice, although the rol  f IL-6 in PDT-i duc d inflam ation may vary depending on he PS, protocol 
or type of umor tr ated [61–63]. Increase IL-6 conce trati  in plasma c n be considered as early 
and sensit ve, although no specif , dicator f various inflammatio s, which in this case should 
be identifie  with he des ruction of tumor tissue [64]. 
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3.12. Examinatio  of Infla mato y Cytokines Change Induced by PDT 
We f rth r xplo ed th  inflamm tory r sp s s bs ve  with diff r t PSs a d protocols 
valu ing c anges i  selected cyt kine  and proinfl m at ry me iat rs present in th  blood before 
and 24 h aft  PDT usi g the L x xMAP technol gy, as shown in Sc eme 2. The results i  terms 
f obs rved tr nds i ll tes d bio rker cha g s are p es t d in T bl  5. These biomarkers can 
inform on t  d gr  a d d  f nflammation, i f ltration of neutrophi s, tumor c ll death, s well 
as the estruction of t vasc ature [61]. A f r t ov vi w identifies common trends such as 
signif t incr es i  IL-6 or KC, a d tendencies to i crease IL-10, MIP-2, MIP-1b or TNFa. 
Howev , here ar also diff rences betwe n the protocols. 
Table 5. The trend in changes of selected cytokines and chemokines determined after bacteriochlorin-
b sed PDT. The analysis was perfor ed using Luminex multipl xing assay in the serum of individual 
mice before and after PDT (N = 6–7). 
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13    −    
IL-15        
KC        
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
IP-1α −   − −   
IP-1β  −  − −   
IP-10  −  −  −  
MI     −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicated signifi antly (min two-times) increased or decreased the level of each biomarker,  
and  are sy bols f r t  non-signif cant ( igher or lower) tendency in the concentration of 
biomarker. T  te e ci s were estimated in comparison to values obtained i  the serum of the same 
individua ani als bef re PDT. 
Fig re 11 f c ses on th  h ges bserv d in th  blood levels of i terleukins. A significant 
i cr as  in the c n ntr tio  f IL-6 was ob ved in ll a es (F ur  11a). he mu tidirectional 
n t i teractions nc udes the rticip tion in the activati n of ntig n-recognizing T 
lym ytes (al o LIF) s w ll as the pro u tio  f acute-ph e pr tei  indi ting the early reaction 
n re ponse o tissue damage. IL-6 xpress n was strongl  and co sist ntly en anced in PDT-treated 
ic , although the role of IL-6 i  PDT-induced inflammation may vary d pending on the PS, protocol 
o type of tumor treated [61–63]. Incr ased IL-6 c n entration in plasma can be considered as early 
and se sitiv , although n sp cific, ind cator f v ious inflammations, which in this case should 
be dentif ed with the destructi n of tumor tis ue [64]. 
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significant i c s s in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
H w v r, there a e al  differen es b tween th  protocols. 
Tabl 5. The re in changes of s lected cytokines an  chemokin s determined after bacteriochlorin-
based PDT. Th a aly is w s perfo med using L i ex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10      −  
I -13        
I -15   −     
KC        
MI -2        
LIX        
LIF        
MC         
MIP-1α −       
M β        
IP-10  −      
MIG      − 
GM-CS  −  − − − − 
VEG    − −  − 
TNFα    − − −  
,  indi ted gnif c ntly (min wo-t s) in r as d r decr ased th  l vel of each biomarker,  
a   r  sym ols f r t e non- ig ifi  (high r o l wer) t d cy n the concentration o  
biomark r. Th  tende ci s wer  st m d in compariso  to valu  obtain d in the serum of the same 
individu l animals bef  PDT. 
Figure 11 f us s o  th c ang s ob ved n th b ood l vels f nterleukins. A significa t 
i cr ase in th nce ration f I -  was obse v  ll c s s (F gure 11a). The mu tidirectional 
ature f IL-6 t r ctions inclu es th  partic pati n  t e activat on of antigen-recognizing T 
lym cytes (also LIF) s w ll s th  pr ductio of acut -ph se proteins indicating the early reaction 
i  resp s  to ti sue dam ge. IL-6 xpr ssi  was stro gl  a d consistently ha ced in PDT-treated 
mice, although the rol  f IL-6 in PDT-induc d inflammation may vary depending on the PS, protoco  
or type of umor r at d [61–63]. In rease IL-6 conce trati  in plasma c n be co sidered as early 
and sensit ve, although no pecif , dicator  f various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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as the estruction of the vasculature [61]. A first overview identifies common trends such as 
significant increases in IL-6 or K , and t ndencies to increas  IL 10, MI -2, MIP-1b or NFa. 
However, there are also differences bet ee  the protocols. 
able 5. The tren  in changes of selected cytokines and chemokines deter i ed after bacteriochlorin-
based PDT. The analysis was performed using Luminex multiplexing assay in the serum of individual
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
I -6     
IL-10     − 
I -13  
I -15  −    
KC     
MIP-2 −     
LIX     
LIF    − 
MCP-1 −    
MIP-1α −     
MIP-1β  −   −  
IP-10  −      
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  − 
TNFα    − − − 
,  indicated significantly (min t o-times) increased or d creased the level of ach biomarker,  
and  are symbols for the non-significant (higher or ower) end ncy in th  c nce ration f 
biomarker. Th  te d cie  wer  e timated i  ompari n t  v lues t i e  in th  serum f the sa e 
i divid al animals b for  PDT. 
Figure 11 f cuses on the changes observ d in the blood leve s of t rleukins. A sig ifican  
increase in the concentrati  f IL-6 was bserv  in all cas s (Figure 11 ). T e ultidi ctiona  
nature of IL-6 interactions includ s the p rticipati n he act vation f ti n-recognizing T 
lymphocytes (also LIF) as well as the prod ction of acute-phase proteins indicating the early reaction 
in response to tissue damage. IL-6 expression as strongly and c nsistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on the PS, protocol 
or type of tumor treated [61–63]. Increased IL-6 concentration in plasma can b  considered as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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LIF     
MCP-1     
MIP-1α −      
MIP-1β       
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MIG       − 
GM-CSF  −  − − − − 
VEGF   − −  − 
TNFα    − − − 
,  i d ted significantly (min t o-times) increased or decreased the level of ach biomarker,  
and  re sym ols for the non-significant (higher o  lower) nd ncy  th  conce ration o  
biomarker. Th  t d ncies wer  sti t d i  c mp ri n  valu  obtai d i  the serum f the same 
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Fig re 11 f cuses o  th changes bs rv d i the bloo leve s of t rleukins. A significan
incre se in e conc ntrati  of IL-6 was bserv d in all c s (Figure 11a).  multi ir ctio a  
nature of IL-6 interacti n  i clude e p rtici ation i  he ct vation of antige -recognizing T 
ly phocytes (also LIF) as well as he prod ction of acute-p as  proteins indicating the early reaction 
in response to tissue damag . IL-6 expression was str ngly a d co sistently enhanced in PDT-treat d 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on he PS, protocol 
or type of umor treated [61–63]. Increased IL-6 co centration in plasma can be considered as early 
and sensitive, although no specific, indicator of various inflammatio s, which in this case should 
be iden ifie  with he des ruction of tumor tissue [64]. 
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We f rt  xpl red th infl atory respo s s b rv  wit  different PSs and protoco s 
evalu ting c an in s lect cyt k e  and pr inflam at ry m iators pres nt in the bl od before 
 24 h ft PDT usi g the L i x xMAP tech ol gy, s shown in Sc eme . The results in term  
f obs v d t  i  all t st d biom k rs cha g s are p e nt d in Tabl  5. These bioma kers can 
i form on t  d gr a d m d  f i flammati n, i filtr tion of neutrophils, tumor cell death, as well 
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signific t i cr es i  IL-6 or KC, a d tendencies to increase IL-10, MIP- , MIP-1b or TNFa. 
Howev r, here are also differences between the protocols. 
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b s d PDT. The analysis was performed using Luminex multiplexing assay in the serum of individual 
mice before a d after PDT (N = 6–7).  
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Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6       
I -10 −   
IL-13   − 
I - 5   −    
KC     
I -2  −  
LIX      
LIF    
MCP-1      
MIP-1α −  
IP-1β     
IP-10  −      
MIG       − 
GM-CSF  −  − − − − 
VEGF   − −  − 
TNFα    − − −  
,  indicated significantly (mi  two-times) i creased or decreased the level of each biomarker,  
and  ar  ymb ls for the non-sig ifi nt (hig r or low r) ende cy in th  conce r tion of 
bi marker. Th  t e ci s w re stimat d i  compa is n to values obtai ed in t e serum of the same 
individual a i als be or  PDT. 
Fig r  11 f c ses o t  ha  bserv d in th  blood l vels of i terleukins. A significant 
i crea e i  con tr ti  of IL 6 w s obs rv d i ll cases (Fi ur 11a). The mu tidirectional 
natur  of L-  i t r ct o s i u e th  ti ip tion in the activati n of a tig n-r cognizing T 
lym cy s (al  LIF) s well as the produ tio  f a ut -pha e pro ei  indi ting e early reaction 
n re pons  to tis u  mage. IL-6 expressi  wa  st ongly and consiste tly en anced in PDT-treate  
mic , although the ole of IL-6 i  -induced inflammation may vary depending on the PS, protocol 
or type of tumor treated [61–63]. Increased IL-6 c n entration in plasma can be considered as early 
and sensitive, although nonspecific, ind cators of v ious inflammations, which in this case should 
be dentified with the destruct on of tumor tis ue [64]. 
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based PDT. The analysis was performed using Luminex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6       
0  −    − 
3   − 
I - 5  −  
KC    
M P 2 −   
X    
LIF    −  − 
C   −   
α −  
β  −  
IP-10    
IG     
G - S    − − 
VE   −  
TNFα      
,  indicated sig ificantly (mi t o-times) increased or decreased the level of each biomarker,  
and  are symbols for the non-significa t (higher or lower) tendency i  the concentration of 
biomark r. The tende cies wer  estimated i  compariso  to value  obtained i  the serum of the s me 
individu l animals before PDT. 
F gure 11 fo s on the changes ob erv d in the blood levels of interleukins. A significa t 
i creas in the conce tr ti  of IL-6 as observ d i  ll cas s (Fi ure 11a). The multidirectional 
n ture f IL-6 i t ra ti s i lud s th  particip ti n in t e activati n of nti e -r cognizi g T 
ly h cy  ( l  LIF)  w ll a  t  pr uction f a ute-ph s  prot ins indicati g the early reaction 
i  r s on e o iss  d ma e. IL-6 xpr ssion wa s r gly a d consistently ha ced i  DT-tr ated 
mice, l h gh th  r l  f IL-6 i  PDT- nduc d infl mma may v ry d p nding  the PS, protocol 
 type of tumor re ted [61–63]. In rea e  IL-6 concent ation in pl ma can be co sid red a  early 
and en tive, lthough no specific, indicator  of variou  s, which in this case should 
be de tifi  with the destruc i n of tumor tissue [64]. 
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We further explo  the i fl m atory spo s s obs rv d wit differe t PS a d prot ols 
evaluating chang s in sel ct  cytoki  a  proi flamm to y me i to  pr se t i  th  blood fore 
and 24 h after PDT usi g th  Lumi ex xMAP techn logy, as shown i  Sche  2. T e res lts i  t r s 
of observed tr nds in all tested bio arke  ch ng s are presented in Tabl  5. T ese bi ark r  an 
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s the des ruction of th  asculatur  [61]. A fi st ov vie  id ntifi s common tre d  such a  
significant increa es in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
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Table 5. The trend in changes o el cte cy okines  chemoki es d ter ne af e b t riochlorin-
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mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6       
IL-10  −   −  
IL-13    −    
I - 5   −    
KC       
MIP-2  −   −   
LIX    − −   
LIF    −  −  
MCP-1  −     
MIP-1α −      
IP-1β    − −   
IP-10  −   − 
MIG     − − 
GM-CSF     −  − 
VE F   −    
TNFα        
,  indicated significantly (min two-tim s) incre s or d cre e he lev l f eac  b omark ,  
and  are symbols for the non-significant (h gher or wer) ndency in th  c ce r ti n of 
biomarker. The te dencie  were estimated in comparis  to values taine  in the seru   the same
individual animals befor  PDT. 
Figure 11 focuses on th  change  b erv d i  the blood ev l  of i te l uki s. A signifi ant 
increase in the concentration of IL-6 as observe  in ll cases (Figu e 11a). T e ltidirection l 
nature of IL-6 interaction  includes the p rtici ation in the activatio  f anti en-recog izing T 
lymphocytes (also LIF) as well as the production of ac t -p ase protei s i dic ti g th  rl  r action 
i  response o tissue da age. IL-6 xp ssion was stro gly and o sistently nh n ed in PDT-treated 
mice, although th  role of IL-6 in PDT-ind ed nfl mmation m y v r  d ndi g  th  PS, protocol 
or type of tumor treat  [61–63]. Incr ased IL-6 co tration in plasma ca  be consid red a  early 
and ensitive, although nonspecific, indicators of various inflammatio s, which in t is case shoul  
be iden ified with the destruct on of tumor tissue [64]. 
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MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  − 
TNFα    − − −  
,  in icat d significantly (mi wo-times) incr a ed or decreas d t  l vel of each biomarker,  
and  re sym ls or the non-sig ificant (h gher  l w r) te cy  the co centration of 
biom rk r. The tendenci  re estim t  in com ariso  to valu s obt in d in th serum of th  a e 
individual a imals before PDT. 
Figure 11 f cuses on the hanges obs rv d in the bloo l vels f terleuk s. A significan
increase in the concentration of -  was bse v d i all s (Fig re 11a). Th  u tidire tio al
natur  f IL-6 inter ction  inclu es e p ticipation in the ctivat on of ntigen-rec gnizing T
lymp ocytes (also LIF) a  well as the production of acute-p as  proteins indicating the early r action 
in response to tissue damage. IL-6 expression as str ngly and consistently enhanc d in PDT-treat d 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on the PS, protocol 
or type of tumor treated [61–63]. Increased IL-6 co centration in plasma can be considered as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
− −
J. Clin. M d. 20 0, 9, 8 18 of 25
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We f rt r xplo ed th  infl m atory r ponses bserv d wit  different PSs a d protocols 
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IL-6        
IL- 0  −    −  
IL- 3    −    
IL- 5        
KC         
IP-2  −   −  
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  − 
MIG    −  − − 
GM-CS   −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  ind cate  s gnif c n y (min tw -times) i cre s d or d cr ased the level of each biom ker,  
and  ar  ymbols for the on-signifi a t (higher or low r) tendency in the once tration of 
b o arker. Th  t e cies wer esti ted i  c mpariso  to values obtai ed in t e serum f the same 
ndividual ani als before PDT. 
Fig r  11 focu e  o  he ha e  observ d in th  blood levels of interleukins. A significant 
incr  i  t e con ntr tion of IL 6 was observ d in all cases (Figur  11a). he multidirecti na  
n tur  f L-6 i ter ctio s in lu es th  arti ip tio  in th  activation of antigen-recognizing T 
lym hocyt  (als  LIF) s well as the produ tio  of acut -ph se pro ei  indicating e early reaction 
n r sp ns  to tissu  amage. IL-6 expressi n wa  strongly and consistently enhanced in PDT-treated 
mic , although the role of IL-6 in PDT-induced inflammation may vary depending on the PS, protocol 
or type of tumor treated [61–63]. Increased IL-6 c n entration in plasma can be considered as early 
and sensitive, although nonspecific, ind cators of v ious inflammations, which in this case should 
be identified with the destruction of tumor tis ue [64]. 
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W  f h r xplor d  inflammatory respo ob erve  with differ t PSs and protoc l  
v luating  i sel ct d cyt kine  an  proi flam tory m i tors present in th  blood b fore 
a  24  after PDT ing the Lu inex xMAP tech ology, as s o n in Sc e e 2. Th  results in terms 
of bs rve  trend in all teste  bio a kers chang  ar  pre e te  i  Table 5. These biomarkers c n 
i f rm o h  eg  a d m d  of i fl mmation, i filtr tio  of neutr phils, tumor cell death, as well 
as h  destruction f t  vasculature [61]. A fi st verview identifies common trends such as 
significant incr ses in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
How v r, h r  a als  differen es b w en proto ols. 
Tabl 5. The trend in cha ges of selected cytokines a d chem kines determi ed after bacteriochlorin-
ased PDT. The analysi  w s perform d usi g Luminex ultiplexing assay in the serum of individual 
mic  bef re and f r PDT (  = 6–7).  
PS F2BOH F2BMet Cl2BHep
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
0  −    − 
3   − 
I -15   −   
KC    
2   
X    
LIF      − 
CP-1     
α −  
MIP-1β    
IP-10 −   
IG    
G - SF  −  − − 
VEGF  −  
TNFα    − − 
,  indic t s g ificantly (min wo- mes) incre sed or decr a ed the l vel of ach bi mark r, 
an   are sy bols the non-signifi  (higher or ower) t nd ncy the concentration o  
biomark r. Th  tendencies were e tima ed in compari on to valu  obtained in the serum f the same 
i dividual anim ls befor PDT.
F gure 11 f c s s n th  chan es obse d in the blood l vels f i terleukins. A si ificant 
increase in t e c en r ti  f IL-6 as bserved i  all cases (Figure 11a). The multidirectional 
ature f IL-6 i t ractio  includ s th  p rticipati n in the activatio of nti -r cognizing T 
lymph c s ( l o LIF)  w ll as th  produ tio  f cute-phase r teins i dicati  the arly reacti n 
i  sp e to ti s  amage. IL-6 xp ion was tro gly nd co sistently enhanced in DT-treated 
mice, alth gh th  r l  f IL-6 in PDT-i uce  inflam ation may vary depen ing  the PS, protocol 
or typ  f tumor reate  [61–63]. Increased IL-6 concentration in plasma can be considered a  early 
and sensitive, although non pecific, indicator  of various inflammations, which in this case should 
be identifie  with the destruction of tumor tissue [64]. 
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3.12. Ex mination of I f ammatory Cytok s Change  Indu ed by PDT 
We further explored the inflammatory responses obs rv d with different PS a  p oto l
evaluati g changes in selected cytokine  and proi fla matory mediator  pr sent in the blo d b fore
and 24 h after PDT using the Luminex xMAP techn l gy, as s own in Scheme 2. The resu ts in t rms 
of observ d trends i  all t st  biom rk rs cha g s are pr ted in a l  . h  bi ma kers can 
inform on the degr e d mode f inflamm ti , infiltration of n utroph ls, tumor c ll de th, as w ll 
as the destruction of th vasculature [61]. A first overview identifi s co mo  tre ds such as
significant increases in IL-6 or KC, and tendencies to increas  IL-10, MIP-2, MIP 1b or TNFa. 
However, there are also differences between the protocols. 
Table 5. The trend in changes of selected cytokines and chemokines deter ined afte  b cteriochlorin-
based PDT. The analysis was performed using Luminex multiplexing assa  in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
I -6     
IL-10     − 
I -13    
I -15  −    
KC   
MIP-2      
LIX     
LIF    − 
MCP-1 −    
MIP-1α −     
MIP-1β  −   − 
IP-10  −      
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  − 
TNFα    − − −  
,  indicated significantly (min two-times) i cre sed or d cr ased the level of ach b o ark r,  
and  a e symbols for th  no -significa t (higher or lower) tendency in the o centr tion f 
biomarker. Th tendencies w e estimated in compar on  v lue  btained i the s rum of t e e
individ al animals before PDT. 
Figure 11 focuses on the changes obs rved in the bloo  levels of nt rleuki s. A ig ificant
increase in the concentration of L-6 was observed i  all c s (Figure 11a). The multidi cti a
natur  of IL-6 interaction  includes e pa ticipation i the ct vation of a tig -recogn zing T
lymphocytes (also LIF) a  well as the production of acute-phase proteins indicating the early reaction 
in response to tissue damage. IL-6 expression was strongly and consistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may v ry d pending on the PS, protocol 
or type of tumor treated [61–63]. Increased IL-6 concentration in plasma can be consid red as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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3.12. Examin tion of Inf amm ory Cytokines Change I duce by PD  
W f rthe  explo ed the inflamm tory respons s obse ved with differ t PSs a  protoc l
evaluati g changes i  selected cyt k es an pr i flamma ory mediators present n the blo d b fore
an  24  aft r PDT using the Lumi ex xMAP techn l gy, as show  in Sch me 2. The resu ts in terms 
of b erv d trends in all t st d bio rk r  cha g s ar p te  in T bl  5. Th se bio a k rs can 
i form on the degr d od  f inflamm ti , infiltr tion of neutroph s, tumor c ll de th, s w ll 
as the estruction of th vasculature [61]. A ir t verview identifies common tre ds such as 
significant incre ses in IL-6 or K , and t ndencies to increase IL-10, MI -2, MIP-1b or NFa. 
However, there are also differen es between the protocols. 
Table 5. The rend in changes of s lected cytokines an chemokin s d termined after bacteriochlorin-
based PDT. The analysis was performed using Lumi ex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
S F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6         
IL-10  −   
IL-13    
IL-15   −    
K        
IP-2     −  
LIX    − −   
LIF    − − −  
MCP-1  −     
MIP-1α −   − −   
MIP-1β  −   −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − − 
,  indicated signif cantly (min two-t ) i cr ased or d cr ased th  l vel f ach b omark r,  
and  a e symbols for t e non- ignifica t (high r or ow r) te d cy  the co centr tion f 
b omark r. Th nde cie w e es imated i  compar s  to valu s bt ined i  the serum of t e a e
individual animals before PDT. 
Figure 11 focuses o  the c anges obs rved in the blood l v ls f t rleuki s. A significant
increase in the concentration of L-6 was obse v d i all ase  (Figure 11a). The multidirectiona
natur  of IL-6 int r ctions includes the pa ticipati n i  the act vation of ntigen-recognizing T
lymphocytes (also LIF) a  well as the production of acute-p as  proteins indicating the early reaction 
in response to tissue dam ge. IL-6 expressi  was str ngly and consistently enhanc d in PDT-treat d 
mice, although the rol  of IL-6 in PDT-induced inflammation may vary depending on the PS, protocol 
or type of tumor tr ated [61–63]. Increased IL-6 co ce trati  in plasma c n be considered as early 
and sensitive, although n nspecific, dicators f various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
−
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3.12. Examination of Inflammatory Cytokines Changes Induced by PDT 
We fur her xplored the i flammatory responses obse ved with dif rent PSs and protocols 
evaluating chang s in sel ted cytokine  and pro fla matory mediators p sent i  the blood before 
and 4 h after PDT using the Luminex xMAP t chno y, as s own in Sc eme 2. Th  results in terms 
of observ d tre ds in ll tested biomarkers ch nges are presente  in Table 5. These biomarkers can
inform n th  degree a d mode of infla mation, filtration of neutrop ils, tumor cell death, as well 
as t  d struction f the vasculature [61]. A first verview id tifies common trend  such as 
signifi ant increas s in IL-6 r KC, and ten encies to i crease IL-10, MIP-2, MIP-1b or TNFa. 
Howev r, the r  also diff e c b we t pr cols. 
ble 5. The tre d i chang s f se ect d cytoki es chem kin s t rmined after bact ri chlori -
based PDT. The anal sis was perform d using Luminex multiplexing ssay in the serum of individual 
ic  before and after PDT (N = 6–7).  
PS F2BO F2BM t C 2BH p 
Cytoki  V-PDT V-PDT E-  C-PD  V-PDT E-PDT C-PDT 
IL-6         
IL-10  −    −  
IL-13    −    
IL-15   −     
KC        
MIP-2  − −   
LIX    − −   
LIF    − − − 
MCP-1  −     
MIP-1α −  − −   
MIP-1β  −  − −  
IP-10  −  −  − 
MIG    −  − 
GM-CSF  −  − − − − 
VEGF   − −  − 
TNFα    − − − 
,  i dicated sig ificantly (min two-times) increased or decreased the lev l of each biomarker,  
and  are symbols f r the non-significant (higher or low r) tend ncy in the c nc ntration of 
bio rker. The tendencie  were estimated in comparison to values tained in the serum of the same 
individual animals befor  PDT. 
Figur  11 focuses on the chang s ob erved i the bl o levels of inter eukins. A ig ifi a t
i creas  in th  onc nt ation of IL-6 w obs rved ll ases (Figure 11a). Th  multidir ctional
ature of IL-6 inter cti s cl es the ar icipatio  i  the activation of ntig n-recog izing T 
ly phocytes (also LIF) as we l a the productio  of acute-ph se protei s indicating h  early action 
in response t  tissue da age. IL-6 xp ssion was strongly and co sistently nh nced in PDT-treated 
mice, alt ough th  role of IL-6 i  PDT- nduced i flammation ma vary dep nding on the PS, protocol 
o  typ  f tumor tr ted [61–63]. I cr as IL-6 nc ra io  in plasm  be considered as rly
and s s tive, thoug n if , i d ca s  va i us flam ti ns, which i  this ca e should
be identif  with th  ruc i  of mor ti su [64]. 
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3.12. Exam ati of Inflamm tory Cytoki es C a ges I duc d by PDT 
We fu r expl r d t e infla matory respo s s obs rved with diff r nt PSs and protocols 
v lu ting ch ng s in sel cted cytokines and pr infl matory m iators present in the blood before 
a d 24 ft r PDT usi g the Lu inex xMAP technology, as show  in Sc eme 2. The results in terms 
of obs rved tr nds i  ll tes ed bio ark r  ch ges are p esented in Tabl  5. These biomarkers can 
infor  on he d gr  nd mo of nflammation, i filtration of neutrophi s, tum r c ll death, as well 
as he destructio  of the vasculature [61]. A first verview identifies common trends such as 
significant increas s in IL 6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
However, there are also differences b tween he protocols. 
Tabl 5. The tre d in changes of selected cytokines and chemokines determined after bact riochlorin-
based PDT. Th  a aly is w s perfo med using Luminex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7). 
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6      
IL-10     −  
IL-13   −    
IL-15  −    
KC      
IP-2  −   −  
LIX    −   
LIF    − − − 
MCP-1  −     
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicate  sig ifica t y ( in two-t es) creased or decr ased th  l vel of ach biom rk r,  
a d  are symbols r the on-sig ific t (h gher or wer) te dency in the concentration of 
b omark . The tenden ies wer  stim t  in mpariso t  values obt in d i  the serum f th  same 
indiv du l ani ls efore PDT. 
Figure 11 f cus s on the ch es observed n the blood levels f interleukins. A si ificant 
increase in h f I -  was obse ve  i  all c s s (Figure 11a). The mu tidirectional 
nature f IL-6 teractions inclu s the participa i n n the activat o  of antigen-recognizing T 
lymp ocyte  (also LIF) as w ll as the production of cute-phase proteins indicati  the early reacti n 
in respons  to tissue damage. IL-6 expr ssion was strongly nd co sistently enhanced in PDT-treated 
mice, although the r l  of IL-6 in PDT-i uc d inflammation may vary depending o  the PS, protocol 
or typ  of tumor treate  [61–63]. Increase  IL-6 concentration in plasma can be considered as early 
and sensit ve, although non pecif , indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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3.12. Examination of I flamm tor  Cytoki es C ange Indu ed by PDT 
We further explored t e inflammatory responses bserved with ifferent PSs a  protoc l
evaluati g changes in selected cytokines and proi fla matory mediator  present in the blo d befo e
and 24 h after PDT using the Luminex xMA  techn l gy, as shown in Sch m  2. he results in t rms 
of observ d trends in all tested biomarkers cha ges are pres ted in Tabl  5. T e bio a k rs can 
infor  on the degree d mode f inflamm tio , infiltration of n utrop ls, tumor c ll d th, s w ll 
as the destruction of the vasculature [61]. A first overview identifies common trends such as 
significant increases in IL-6 or KC, and tendencies to increas  IL-10, MIP-2, MI 1b or TNFa. 
However, there are also differences between the protocols. 
Table 5. The trend in changes of selected cytokines and chemokines deter ined after bacteriochlorin-
based PDT. The analysis was performed using Luminex multiplexing assa  in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6     
IL-10     −  
IL-13   −    
I -15   −    
KC      
I -2  −  −   
LIX       
LIF    − − − 
MCP-1        
MIP-1α −   − −  
MIP-1β        
IP-10  −      
MIG      − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicat d sig ificantly (min two-times) increase or decre d th  level f each biom rker,  
and  are symbols or the non-s g if cant (higher or l wer) t ndency  the conce tration  
biomarker. The tendencie  were estim t  in omparison to v lu  o t ine  in the serum f th  sa e 
individual animals befor  PDT. 
Figur  11 focus s on the changes obs rved in the blood levels of nterleuki s. A ignificant
increase in the concentration of L-6 was observed i  all cases (Figure 11a). The multidirectional
natur  of IL-6 interactions includes the pa ticipation in the activation of antigen-recognizing T
lymphocytes (also LIF) a  ell as the production of acute-phase proteins indicating the early reaction 
in response to tissue damage. IL-6 expression was strongly and consistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on the PS, protocol 
or type of tumor treated [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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3.12. Ex mi ation of Inf amm tor ytoki es Ch ge I u d b  PDT 
We fur r explored t e inflam atory respo ses bserve  wi h iff rent PSs an  proto ols 
ev lu ting chang s in selected cytokines nd proinfl mm y m dia ors present in the blood before 
and 24 h fter PDT sing the Luminex xMA  technology, as s own in Schem  2. The results in terms
of observed trends in all t st d biom rk rs chang s are pr ted in T bl  5. These bio a kers can 
infor  on the degr and o e of inflamm ti n, infiltra i n of ne troph ls, tum r c ll de th, as w ll 
as the estruction of th vasculature [61]. A first overview identifies common trends such as 
significant increases in IL-6 or K , and t ndencies to increas  IL-10, MIP-2, MIP 1b or TNFa. 
Howev r, there are also differ nces between the protocols. 
able 5. T e tren  in changes of selected cytokines a d chemoki es deter in d after bacteriochlorin-
based PDT. The analysis was performed using Luminex multiplexing assay in the serum of individual
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-  E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6    
IL-10     −  
IL-13   −    
IL-15   −    
KC      
IP-2  −  −   
LIX    −   
LIF    − − − 
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  d t d si ific tly (min two-tim s) increase r decre sed the lev l f e ch bi m ker,  
a d  are symbols fo  the on-signif cant (higher or ow r) nd ncy th  c ncen r  of 
biom rk r. The t d nci  were e ti ated i  c mpari on o v lu s o tained i  the serum  the sa e 
i dividual a imals befor  PDT. 
Fig re 11 fo uses on the hang s observed in the blood l vels f interleukins. A significant 
increase in he concentration of I -  was observed in all c ses (Figure 11a). The mu tidirectional 
nature f IL-6 interactions includes the participation in the activat on of antige -recognizing T 
lymp ocytes (also LIF) as ell as he production of acute-phase proteins indicating the early reaction 
in response to tissue damag . IL-6 expression was strongly a d co sistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on he PS, protocol 
or type of umor treated [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although no specific, indicator of various inflammatio s, which in this case should 
be iden ifie  with he des ruction of tumor tissue [64]. 
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3.12. Examination of Inflammatory Cytokines Changes Induced by PDT 
We further e plor d the inflam atory r sponses observed wi h dif er nt PSs a d prot cols 
evaluating changes in selected cytokines and proinfla matory iators pr se t in th  blood before 
a d 24 h after PDT using th  Lumi ex x AP technology, as shown in Scheme 2. The res lts in t rms 
of obs rv d tre ds in all t sted biomarkers ch nges are pres nted i Table 5. Thes  biomarkers ca
inform o  the degree and mod  of inflammation, i filtration of neutrophils, tu or cell death, as well 
as th  destruction of the vasculatur  [61]. A first verview identifies co mon trends such as 
significant increases in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
However, there ar  also differ nce  b w e  the pro c ls. 
Table 5. Th trend in changes f se ected cytoki s d chem ki  d te i d af er bact riochl i -
bas d PDT. The an lysis was perform d usi g Lumin x mult pl xi g a ay i th  serum of i divi ual 
mic  before and after PDT (N = 6–7).  
PS F2BOH F2BM t Cl2BH p 
Cytokine V-PDT V-PDT E-PDT C-PDT V-P E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13    −    
IL-15   −     
KC         
M P 2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MI -1β  −  − −   
IP-10  −  −   
IG    −  − − 
G -CSF  −  − − − 
VEGF   − −   
TNFα    − − −  
,  indicated significantly (min two-times) increased or decreased the l vel of ch biomarker,  
a   are sy bols for the non-significant (higher or lower) tendency in the concentration of 
biomarker. The tendencies were estimated in comparison to values obtained in the serum of the same
individual animal  before PDT. 
Figure 11 focuse  on th  ha ge  bserved in the bloo  levels of interl uki s. A ignificant 
increase in the co entr ti n of IL-6 was obse v  n all ca (Figur  11a). he mul ir tional
nature f IL-6 interacti ns includ s the p rtici ati i  th  ctivat o f a ti en- cog zing 
lymphocytes (also LI ) as well as the pro tion of acut -pha e p ot ins indicating th  early re cti n
in res onse to tissue damage. IL-6 expression was strongly a d consiste tly e h d in PDT-treated 
mice, although th  role of IL-6 in PDT-i uced inflam ation y vary depending o  t e PS, prot c l 
or type of tumor treate  [61–63]. I creased IL-6 nc tratio  i  plasma c n be c n id red as early 
and se sitive, alth g  n p cific, ind ca ors of va ious i fl mati ns, w ich i  thi  ca  sho ld
be identifi d with th  estruct o of umor t ssu [64]. 
−
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3.12. Ex mi at o  f I fla m t r  C tok n s C a g s I duce by PDT 
We f rth r explored the i fla atory res o ses bserved w th different PSs a d protocols 
evaluating ch nges in selected cytokine d pr fla matory mediators presen  in the blood before 
and 24 h after PDT usi g the Lu inex xMA technology, as shown in S heme 2. he results in terms 
of obs rved trends in all t st d bio rk r  ch ng s are p e ted in T bl  5. Th se bioma kers can
infor  on the degr and d of infla mati n, i fi tration of neutrophi s, tumor c ll death, as well 
as th estruction of th vasculature [61]. A firs  overview identifies common trends such as 
significant i cr as s in IL-6 or KC, and tendencies to increase IL-10, MI -2, MIP-1b or NFa. 
However, ther a e als  differences betwee  the protocols. 
Table 5. The tre in changes of selected cytokines and chemokines eter ined after bacteriochlorin-
based PDT. Th  a aly is was perfo med using L inex multiplexing assay in the serum of individual
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
I -6     
IL-10     − 
IL-13    
I -15   −    
KC     
I -2 −  −   
LIX     
LIF    − 
MCP-1    
MIP-1α −   − −  
MIP-1β       
IP-10  −      
MIG      − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − − 
,  indic t  ig ifica t y (min t o-t es) in rea ed or ecrease  th  level f each biomarker,  
a d  re sym ls r the on-s g ificant (h gh r o  wer) t nd ncy n the c ncentration  
biomarker. The tendencie  were t m t d in compari on t  valu  t i d in the serum f th  me 
i divid al a imals efor  PDT. 
Figure 11 focus s on the cha es obs ved  the blood levels of interleukins. A significant 
increase in h once tration of IL-6 was obse ved i  all cases (Figure 11a). The multidirectional 
nature of IL-6 interactions includes the partic pation in the activation of antigen-recognizing T 
ly h cytes (also LIF) as well as th  productio of acute-phase proteins indicating the early reaction 
in response to ti sue damage. IL-6 expr ssio  was stro gly and consistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induc d inflammation may vary depending on the PS, protocol 
or type of tumor treated [61–63]. Increase  IL-6 concentration in plasma can be considered as early 
and sensit ve, although no specif , indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
− −
GM-CSF
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3.12. Examina ion Inflamma ory Cytokines Ch nge Induced b  PDT
We furth r xplo ed the infla m to spo ses bs ved wit  iff r t PS a  r to l
evaluati g cha in sel cted cyt kine  and pr i flammat ry m diat s p esent in the b d before
and 24 h fter PDT using the Luminex xMAP t chn l gy, s hown in Schem  2. he r sults in terms 
f observed trends in all te ted biom rkers chang  are prese t d in Table 5. Thes  biomarkers can 
inform on the d g e  a d mode f i flammatio , i filtration f neutrophils, tumor c ll death, s well 
as the destruction of the va culat re [61]. A first overview id ntifies co mon trends such as 
significant increases in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
However, there are also differences between the protocols. 
Table 5. The trend in changes of selected cytokines and chemokines determined after bacteriochlorin-
based PDT. The analysis was performed using Luminex multiplexing assay in the serum of individual
mice before and after PDT (N = 6–7).  
PS 2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10 −    −  
IL-13    −    
IL- 5       
K         
IP-2  −   −   
LIX   − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
IP-1β  −  − −  
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − − 
,  indicated significantly (min tw -tim s) incr a e  r d creased th  vel of each bi marke ,  
and  are symb ls o  the n- ig ifi ant (h gher or l w r) ndency in the con e r  f 
biomarker. Th  t nde ci  w re estim t in compariso  to va ue obt i e t e seru th  same
individual animals befor PDT. 
Figure 11 f u on the ha g s obs rv d in th  bloo  lev ls f i terle ki s. A signific nt
increas  in the conce trati  f L-6 was obse ved i  ll s (Figure 11a). he multidir ctio al
natur  f IL-6 interaction  in lud s e pa ticip tion i  the ctivation of tige -rec g izing T
lymphocytes (also LIF) a  well as the pr duction of acute-ph se proteins i dic ting th  early reaction 
in response to tissue damage. IL-6 expre si n was strongly a d n istently enha ced in PDT-treated 
mice, although the rol  of IL-6 in PDT-induced inflammation may vary depending on the PS, pr tocol 
or type of tumor treated [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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3.12. Examin tion of Inflamm tory Cy okines C a ges I duced by PDT 
 furth r xplor th  inflammato y spo es bs v d w t  iff t PS a d p ot c ls 
evaluating c anges in sel ct d cytoki s a  pr i fla mat y medi t s prese  i th blood for  
and 24 h afte  PDT u i g he Lumin x xMAP techn logy, as hown in Sc m  2. h  lts in term
of bs ved tr nds in all test d bio ark rs cha ges a e pr se te i  T bl  5. T  bi ma k rs an 
inf  on th  d gre  nd o  f i fl mm ti , infil ration of n u rop il , t m r c ll a h, a w ll 
s the es ructio  of th  s ulatur  [61]. A i st ov vi w d ntifi s commo  t end  such a  
igni ic nt i cr es i  IL-6 or KC, an  t ci  o in se IL-10, MIP-2, MIP-1b or TNFa. 
However, e are also differ nces be we  he protocol . 
abl  5. The tren  in changes of sel cte cytokines an  ch moki e  eter i ed after bacteriochlori -
based PDT. The analysis w s perform d using Lu in x multiplexing assay in the serum of individual 
mice befor  and f r PDT (N = 6–7).  
PS F2BOH F2B et Cl2BHep
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6     
0  −    − 
3  − 
I - 5 −  
KC     
MIP-2 −  
X    
LIF    −  − 
CP-1 −   
α −  
IP-1β  −  
IP-10 −   
IG     
GM-CSF    − − 
VE F   −  
TNFα       
,  indicat d sig ificantly (mi  t -time ) i cr as d or d creas  th  lev l f each bi mark r,  
nd  ar  symb ls for the n ignifica  (h gher r w r) te n y i  t e conc trati  of 
b om rker. The tendencies w re es imated i  omparison o value  ined  the s rum f he sam
individu l animal efore PDT. 
Figure 11 f cu  on t  changes bserv d i  the blo  level  f te le kin . A sig if cant 
incre  in the co tration f IL-6 was bserve  i  l case  (Fi u 11a). T e m lti irec io al 
n ture of IL-6 int ra ti  in lud s p rtici atio in the ivatio  f nti e -r g izi g T 
ly ph cytes ( l o LIF) as w ll a the produc on f a ut -phase prot i s i d ca i g h  rl  r actio
i  r spo  tissue damage. IL-6 exp ss on was str gly and consistently  i  DT-treat  
mic , altho gh th  rol of IL-6 in PDT-ind c  nfl mmation may vary d ndi g  th  PS, pr t ol 
or type f tum r tre ed [61–63]. Incr ased IL-6 co tration in pl ma ca  b  con ide ed a  e ly 
and ensitiv , although nonspecific, indicator  of va i  inflammatio s, which in this ca  shoul  
be iden ifi d with the destruct on of tumor tissue [64]. 
−
VEGF
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3.12. Examination of Inflammatory Cytokines C anges I duced by PDT 
We further explored the inflammatory responses observed with different PSs and protocols 
evaluating changes in selected cy okin s and proinflammatory ediators present in the bloo  befor  
and 24 h after PDT using the Luminex x AP t hnolog , as how in S h e 2. The results in t s 
of observed tre ds in all t st d b omark rs ch nges e p esented  a  . h s  bio rker c n
inform on the degree a d mod  of infla m ti n, i filtrat n of neutrophils, tumo  cell e th, w ll 
as the destruction of the vasculature [61]. A first overview identifi s comm tr nds such as 
significant increases in IL-6 or KC, and tendenci s t  i cr s  IL-10, MIP-2, MIP- b r TNF .
However, there are also diff r ces betw n th  pro o ols. 
Table 5. The trend in changes of te  cytokines and ch m kin  dete min d fte  b ct rio l -
based PDT. The analysis was perform d using Lu in x mul iplexi s ay i  th s u of i d vidual
mice before and after PDT (N = 6–7).  
PS F2BOH F2BM t Cl2BHep 
Cytokine V-PDT V- DT E-PDT C-PDT V-PDT E-PDT C-PDT
IL-6        
IL-10  −    −  
IL-13        
IL-15   −    
KC        
MIP-2  −  −   
LIX     −   
LIF    − − − 
MCP-1  −     
MIP-1α −  −   
MIP-1β  −  − −  
IP-10  −    − 
MIG      − 
GM-CSF  −  − − − − 
VEGF     − 
TNFα    − − − 
,  indicated significantly (min two-times) increased or decreased the level of each biomarker,  
and  are symbols for the no -s gnificant (higher or lower) tenden y in the concentrat on of 
biomarker. The tendencies were estimated in comparison to values obt ined in the erum of the s me 
individual animals before PDT. 
Figure 11 focuses on the changes observed in the blood levels of interleukins. A significant
increase in the concentration of IL-6 was ob erv  n all ases (Figure 11a). The m ltidir ional
nature of IL-6 interactions inclu es t e parti ip tion  the tivat o  of a ti en- c gn zi g T
lymphocytes (also LIF) as well s th  production of acut -pha  p ot ns i d cating e rly actio
in response to tissue damage. IL-6 xp si n w  str ng  a d co si tently enhanc d in PD -tr at d 
mice, although th  role of IL-6 in PDT-ind ce  inflammation may vary de e ing o  the PS, pr toc l 
or type of tumor treat  [61–63]. Increas d IL-6 c n tr ti n in plasma c  b consi  a  rly
and sensitive, alth ugh on p c fic, indicators of vari us infl mma i s, which i  t case hould
be identified with the destr cti  of t mor tissue [64]. 
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3.12. Exami ation of Inflammatory ytokines C anges I duced by PDT 
We further explored the inflammatory responses observed wi h different PSs and protocols 
ev luating chang s in selected cyt kines d proinfl mm y m dia o s pr sent i  th  blo d befor
and 24 h after PDT sing th  Lumin x x AP tech ology, as s ow in S he e 2. Th  r sults i  r s 
of observed trends in all tested b omark rs ch g s re p e t   Table 5. T s bio arkers an
inform o the de r  a d mo e of inflammati n, i filt a i n of ne tr p ils, umor cell eath,  well 
as the destruction f vascul ture [61]. A first verview ide fi s comm n t nds such as 
significant incr ases in IL-6 or KC, nd tendencies  incre  IL-10, MIP-2, MIP- b TNF .
Howev r, th re are lso ff r nce  be wee  the proto ols. 
T ble 5. T e tr nd in change  of selec  cytoki s d ch m ki s te min d fte  b terioc -
bas d PDT. he analysis was performed usi g Lumin x mul plexi g ssay i  th  serum of i ividual
mice before and after PDT (N = 6–7).  
PS F2BO  F2BM t C 2BH p 
Cytokine V-PDT V-  E-PDT C-PDT V-P E-PDT C-PDT
IL-6        
IL-10  −    −  
IL-13    −    
IL-15   −    
KC        
MIP-2  −   −   
LIX    − −   
LIF    − −   
MC -1  −     
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −    
MIG    −  −  
G -CSF  −  − − −  
VEGF    −   
TNFα   − − −  
,  i d ted significantly (min two-times) increased or decreased the level of each biomarker,  
and  are symbols for the no -s gnificant (higher or lowe ) tenden y i  the conc ntrat n of
biomark r. The t nd nci s were e ti ate i  c mpari on o values obt ined in th  rum of the s me 
individual animals befo e PDT. 
Fig re 11 focuses on the changes observed in the blood levels of interleukins. A significant 
increase in he concentration of IL-6 wa  observ  n all cas s (Figur  11a). The ul dir t onal
nature of IL-6 interactions inclu es t e par i ip tion  th a tivat o  of antig n- c gnizing T 
lymphocyt s ( ls  LIF) as well s h  produ tio of cute-pha  p t  i dica ng th arly ctio
in response to tissue dam g . IL-6 expression was strong  a d co i t tly enhanc d i  PDT-treat d 
mice, although the r le of IL-6 in PDT-induced inflammation may vary d pen ing on he PS, p oto l
or ty e of u or treated [61–63]. I creased IL-6 c tr on pl sma a  b consid r  as early
and se sitive, although sp c fic, indicator f v i us inflamma ions, whic  in this cas shoul
be iden ifie  wit  h  s r ct n of mor tissue [64]. 
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3.12. Exami ation of Inf ammator  Cytokines hanges Induced by PDT 
We furth r explored the inflammatory responses observed with different PSs and protocols 
evalua ing ch nges in sel cted cyt kine and pr fl mmatory m iators pr ent in the blood bef r  
and 24 h af er PDT us g the Lu in x xMAP ech olog , as s ow in Sche  2. The results in ter s 
f obs rved rends in all t d biomark rs ch ges are pr s ted i Table 5. These bio a k s can
i form n th degr e a d m of inflamm ion, infi t at n of neutrop ls, u o  c l de th, a  w ll
as th destructio  f vascul ture [61]. A fir  overvi w id fies com tren s uch as 
significant i cr as s IL-6 r KC, and t nde c  t  incr a  IL-10, MIP-2, MIP-1b r TNFa. 
How ver, ther a  l  diff re e be w n he p ot col . 
T bl 5. The re i g s of t d cytoki es and ch m ki  d termined aft  act riochlor -
b se  P . Th  ana is w s p rform d using L in x m l plexi  as ay in th  seru  of in ividual 
mic  b fore and after PDT (N = 6–7).  
PS F2BO  F2BM t C 2BHep 
Cytoki e V-PDT V-P  E-  C-PD  V-PDT E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13        
IL-15   −    
KC        
MIP-2  −   −   
LIX     −   
LIF    − −   
MCP-1  −      
MIP-1α −    −   
IP-1β  −  − −   
IP-10  −      
MIG      −  
G -CSF  −  − − −  
VEGF        
TNFα    − − −  
,  indicated ignificantly (min two-t mes) in reased or decreased the level of each biomarker,  
a d  are symbols f r th  no -s g ific nt (higher or lowe ) tendency in the conc ntration of
biomarker. The tende ci s were t mat d i  compariso  to values obt ined i th  s rum of the same 
ind vidual ani als befo  PDT. 
Figure 11 focus s on the changes obs ved the blood levels of interleukins. A ig ificant
crease in t on tra ion of IL-6  ob v d i  all cas s (Figure 11a). Th mul idirect onal
atu  of IL-6 in er tions inclu es the p ic patio  i th  tiv ti  of tig n-recogn zing T 
lym h cytes ( l o LIF) a  w l th  produ tio of cute-ph se pr te s ind ca ng early r ction
in re on e o ti sue am g . IL-6 xp sio  w stron ly a d c sis tly enh nced  PDT-t t d 
m ce, although the r le of IL-6 in PDT-ind c  i flam ati n may vary d pendi g n he PS, protocol
r ty of tu r tr ated [61–63]. Incr as IL-6 o ce rat on in pl sma ca be considered as rly
nd s it ve, alth ugh spe if , indic t s f ri us fl m ons, which in th s c s shoul  
be ide tifi  with d truc n  umor tissue [64]. 
−
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3.12. Exami at on o  I lammato y Cyt k n s C ang s I duced by PDT
We furth r xplor d t  i fla atory respo s b erved with differ nt PSs and protocol  
v lu ting a e  i  sel ct  cyt kines an  proi fla tory m i tors present i  the blood before 
a  24 h ter PDT using the Luminex x AP tech logy, as ho n in Sc em  2. The results in terms 
of obs ve re d  in ll bio a k rs cha g  are pre ente  i  Table 5. T ese biomarkers c n 
i for  o  th  eg  a d m d  f i fl mmati n, i filtr tio  of neutr phils, tumor cell death, as well 
as t  d truction f  v s ul tur  [61]. A fi st vervi w identifies com o  trends such as 
ig ifica t inc e ses i I -6 r KC, and tende ci s to ncreas  IL-10, MIP-2, MIP-1b r TNFa. 
H w v r, th  a als  diff ren es be w en roto l . 
abl 5. The tre d in changes of elected cytokines and ch moki es deter ined after bacteriochlorin-
based T. The analysis was p rform d using Luminex ultiplexing assay in the serum of individual 
mice befor  and f r PDT (  = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cyt kine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6      
I -10      −  
I -13       
I -15  −     
KC       
I -2       
LIX        
LIF     −   
CP-1      
MIP-1α −      
MIP-1β        
IP-10  −  −  − 
IG    − 
GM-CSF  −  − − − − 
VEGF   − −  − 
TNFα    − − −  
,  i dicat sig ific ntly (min wo-times) inc sed r decr a d the l vel of ach bi mark , 
n  ar  sy b ls  t e on si nificant (hi er  ower) te de cy n t e conce trati  o  
biomarker. Th  ten enci s w re e timated in compari on to valu  obtain d in the s rum of the same 
i ividual ani als before PDT. 
Figure 11 f c ses  the chan es obse ed in the blood l vels f interleukins. A si ificant 
increase in t e c e t ti  of IL-6 as observ d in all cases (Figur  11a). The multidirectional 
ature f IL 6 i ractio i clu s th  par ici ti n in the acti atio  of antig n-recognizing T 
lym hoc t s ( l  LIF)  w ll s t  pro u tio  of te-phas  pr te s indic ti  the arly reacti n 
in spons  t  tissu  ma e. IL-6 exp ion was r gly nd co sistently enh ced in PDT-treated 
ic , l hough the r l  of IL-6 i  PD -i uc  inflamm tion may vary d pen ing  the PS, p ot col 
 y  f um r tre te  [61–63]. Increased IL-6 conce tratio  in plasma can be considered as early 
and ensitive, al ough no specific, indicators of vari us inflammations, which in this case sh uld 
be dentifi d with th  d truction of tumor tissue [64]. 
TNFα
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3.12. Ex mination of I f ammatory Cytokin s C anges Induced by PDT 
We furth r explo ed the inflamm tory responses obs ved with iffer t PSs a d proto ls 
evaluating changes  s lected cytokine  and proinflammatory mediators p es nt in the bl od before 
and 24 h after PDT using the Luminex xMAP technology, as shown in Schem  2. The results in terms
of observ d trends in all t ste  biomarkers cha ges are pr s ted in a l  . h  bioma kers can 
inform on the degre  nd mode of inflamm tion, infiltration of n utroph ls, tumor c ll de th, s w ll 
as the destruction of the vasculature [61]. A first overview identifies co mo  trends such as 
significant increases in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
However, there are also differences bet een the protocols. 
Table 5. The trend in changes of selected cytokines and chemokines determined after bacteriochlorin-
based PDT. The analysis was performed using Luminex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
I -6     
IL-       
IL-13     
I -15  −    
KC    
I -2      
LIX     
LIF     
MCP-1     
MIP-1α −   −  
MIP-1β      
IP-10  −    
MIG     − 
GM-CSF  −  − − − −
VEGF   − −  −  
TNFα    − − − 
,  indicated significantly (min wo-tim s) increase  or decrea d th  level of each bi marker,  
and  are symbols or the non-sig ifica t (higher or l wer) t de cy  the c nce tr  o  
biomarker. Th  tendencie  were estim t  in comparison t  valu  t ined i  the serum of th  ame 
individ al animals before PDT. 
Figure 11 focuses on the changes obs rved in the bloo  levels of interleukins. A significant 
increase in the concentration of IL-6 was obse ved in all s (Figur  11a). The m ltidirectio al 
nature of IL-6 interaction  includes e participation in the ctivatio  of ntigen-r cognizing T
lymphocytes (also LIF) as well as the prod ction of acute-phase proteins indicating the early reaction 
in response to tissue damage. IL-6 expression was strongly and consistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on the PS, protocol 
or type of tumor treated [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although nonspecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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3.12. Exam ation of Inf amm tory ytokines Changes I duced by PDT 
We further explo ed the inflam tory responses obse ed wi h iffer t PSs a  protocol
ev lua i g chang s  selected cytokines nd proi flamm y m dia ors present n the blo d before
and 24 h after PDT sing the Luminex xMAP techn l gy, as s own in Sch me 2. The results in terms 
of observ d trends in all t st biom rk rs chang s are pre ted in T bl  5. e bioma k rs ca  
inform on the degr a d ode f inflamm ti , infiltra i n of n trop ls, tumor c ll de th, s w ll 
as the estruction of th vasculature [61]. A first overview identifies common trends such as
significant increases in IL-6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
Howev r, there are also differ nces between the protocols. 
Table 5. T e trend in changes of selected cytokines a d chemoki es determin d after bacteriochlorin-
based PDT. The analysis was performed using Luminex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
S F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-  E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10  −   
IL-13     
IL-15   −    
KC       
MIP-2  −   −  
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  − −  − 
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − − 
,  i d t d significantly (min wo-times) incr a ed or decreased the l vel f each bio arker,  
and  are symb ls for the non-significant (h gher or ow r) d cy th  c cen ration of 
biom rk r. The t d ci s wer  e ti t d i  c mpari  o valu s obt ined i  the s rum  the a e 
i dividual a imals before PDT. 
Fig re 11 focuses on the changes obs rved in the blood levels f interleuki s. A significant
increase in he concentration of L-6 was obse ved i  all ase  (Figure 11a). The multidirectional
natur  of IL-6 interactions inclu es the pa ticipation in the activation of ntige -recognizing T
lymphocytes (also LIF) a well as he production of acute-phase proteins indicating the early reaction 
in response to tissue damag . IL-6 expression was strongly a d co sistently enhanced in PDT-treated 
mice, although the role of IL-6 in PDT-induced inflammation may vary depending on he PS, protocol 
or type of umor treated [61–63]. Increased IL-6 concentration in plasma can be considered as early 
and sensitive, although no specific, indicator of various inflammatio s, which in this case should 
be iden ifie  with he des ruction of tumor tissue [64]. 
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3.12. Examinatio  f I fla matory Cytokines C a ges Ind ed by P T 
We furth r explored t  i fl m t  se  b erved with diff re t PSs d pr tocols 
evalu ing c ang s in select d cyt kin  and proinfl mma ry me iat rs pr sen  i   blood b for  
and 24 h afte  PDT usi g the Lu n x xMA technology, as shown in Sch me 2. The resu ts in terms 
f obs rved tr nds in all test d bioma ers changes are presented in Table 5. h e biomarkers can 
infor  on t e d gree and mode f i fl mmation, i f ltrati  of n utrophils, tumor cell death, as well 
as the estructio  of th v c lat re [61]. A f r t ov vi w id ntifi s commo  trends such  
signif t incr es in IL-6 or KC, a d tendencies to i crease IL-10, MIP-2, MIP-1b or TNFa. 
Howeve , there ar also diff rences betwe n the protocols.
Table 5. The trend in changes of selected cytokines and chemokines determined after bacteriochlorin-
based PDT. The analysis was perfor ed using Luminex multipl xing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS 2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6       
IL-10  −      
IL-13       
IL-15       
KC       
IP-2  −   −   
LIX    − −  
LIF    − − − 
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10 −  −  − 
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  i icate  signific ntl  ( i  tw -ti s) i cr as d or d cr a ed th  level of each biomarker,  
and  are sy bols for  n n-sig f c nt ( ig r or low r) tende cy  the co ce tratio  of 
biomarker. T  te denci s wer  estimated in comparison t  valu s obtained in the s rum of the same 
individual ani als bef re PDT. 
Fig re 11 focu e  on the ha g s bserv d in h  blood levels of i t rleukins. A significant 
i creas  in the c n ntratio  f IL-6 was ob erved in all ca es (F ure 11a). he ultidirectiona  
n tur  interactions in ludes the articip tion i  the act vation of antig n-recognizing T 
lymp ytes (al o LIF) as w ll as the productio  of acute-ph se pr tei s indi ting the early reaction 
in response to tissue damage. IL-6 xpress n as strongl  and c sist ntly enhanced in PDT-treated 
ice, although the role of IL-6 i  PDT-induced inflammation may vary d pending on the PS, protocol 
r type of tumor treated [61–63]. Incr ased IL-6 concentration in plasma can be considered as early 
and sensitive, although n sp cific, indicator  f v rious inflammations, which in this case should 
be dentif ed with the destructi n of tumor tissue [64]. 
−
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3.12. Exa inati f Inflamm tory Cytokin s C a ges I duc d by PDT 
We fu t e  xpl red the infla tory r s o s s observ d with different PSs and protocols 
ev lua ing c nges in lected cytok s and pr inflamma ory mediators present in the blood before 
an  24  after PDT using t  Lu in x xMA  tec nology, as shown in Scheme 2. The r sults in terms 
of obs rv tre ds in all te t d bio arker  cha ges are p ese ted in T bl 5. These biomarkers can 
infor  o h  d gre nd mod of inflammation, i fil ation of neutrophi s, tumor cell death, as well 
as he destructio  of the vasculature [61]. A first overview identifies common trends such as 
significant incr ases in IL 6 or KC, and tendencies to increase IL-10, MIP-2, MIP-1b or TNFa. 
However, there re also differences between the protocols. 
Tabl  5. The tren  in changes of se ected cytokines and chemokines determined after bacteriochlorin-
based PDT. The analysis w s performed using Luminex multiplexing assay in the serum of individual
mice before and after PDT (N = 6–7). 
S F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6       
IL-10  −   
IL-13    
I -15       
KC      
I -2     −   
LIX       
LIF      − 
MCP-1      
MIP-1α −    −   
MIP-1β      
IP-10  −      
MIG       − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  dic t  s ific ntly ( i  two-times) incr as d or dec s  the l vel of each biom rker,  
a   a  s bols f th  n-significa t (higher or low r) t ndency  the concentration  
biom rk r. Th tend nci s were esti ted i  comparison to v lu  obtained in the serum of t e same
i ividual a imals efo  PDT. 
Figur  11 f cuses on the cha es observed in the blood leve s of interleuki s. A significant 
incr ase in he once rati  f IL-6 was bserved in all cases (Figure 11a). T e multidir ctiona  
nature f IL-6 teract ons include the participa ion in th  activation of antigen-recognizing T 
lymphocytes (also LIF) as w ll as the production of ac te-phase proteins indicating the early reaction 
in respons  to t ssue damage. IL-6 expressio  was strongly and consistently enhanced in PDT-treated 
mice, although th  rol  of IL-6 in PDT-indu ed inflammation may vary depending on the PS, protocol 
or type of tumor tre t d [61–63]. Increas d IL-6 co centration in plasma can be considered as early 
and sensitive, althoug  non pecific, indicators of various inflammations, which in this case should 
be identified with the destruction of tumor tissue [64]. 
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3.12. Examination of Inflammatory Cyt kine  Ch ges In ced by PDT 
We further explored th  i fl mat ry respo s obs rv  with iff r t Ss nd pr t cols 
evaluating changes in selected cytokin s and p oinflammatory m diator  pr e t in the bl d b fore
and 24 h after PDT using th  Lumin x xMAP technology, as h wn in Schem  2. The r sults in te s
of observed trends in all t sted biom rker  ch ng s a e pr se ted i  Table 5. The  bi m rkers can 
inform on the degree and mode of i fl mmatio , i filtra ion of neutrophils, tumor c ll death, as w ll
as the destruction of the vasculature [61]. A first overview id ntifies common tr ds such as 
significant increases in IL-6 o  KC, and tend ies to incr as  IL-10, MIP-2, MIP-1b o TNFa. 
However, there are also differences betw en the protocols.
Table 5. The trend in changes of selected cytokines and chemokines determi ed after bacteriochlorin-
based PDT. The analysis was performed using uminex multiplexing assay in the serum of individual 
mice before and after PDT (N = 6–7).  
PS F2BOH F2B et Cl2BHep
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT -PDT 
IL-6        
IL-10  −    −  
IL-13    −    
IL-15   −     
KC        
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −  
MIP-1β  −  − −  
IP-10  −  −  − 
MIG    −  − −
GM-CSF  −  − − − −
VEGF   − −  −  
TNFα    − − − 
,  indicated significantly (min two-ti s) incr ased or e r as  t  level f each bio a k r,  
and  are symbols for the non-sig fi nt (higher r low r) t nd y i he conce tratio  of 
biomarker. The tendencies were es imated in comp rison to v lu obt ined in the ru  of he s me 
individual animals before PDT. 
Figure 11 focuses o  the ch nges obse ved in the bl od l v l  of i terl uki s. A ig ifi nt 
increase in the co centration of IL-6 was observ  i  all as  (Figur  11a). T  multidire ti al 
nature of IL-6 interactions includes the participation in the ac ivati  f ntigen-recog izi g T 
lymphocytes (also LIF) as well as the production of cute-phase prot ins indicating the rly r actio  
in response to tissue damage. IL-6 expression was str ngly a d co sistently e h nced i  PDT-tre te  
mice, although the role of IL-6 in PDT-induced inflammatio  may vary ependi g o  the PS, protoc l 
or type of tumor treated [61–63]. Increas d IL-6 concentration in plasma can be consi ered as e rly 
and sensitive, although onsp cific, indicators of vario s inflammati ns, which in this case should 
be identified with the destruction of tumor tissue [64]. 
,
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3.12. Examination of Inflammatory Cytokines C ang s I duce  by PDT 
We further explored the inflamma ory respo s  ob r ed with differ t PSs and prot cols 
evaluating changes in sel cted cytokines and proi fl atory m diators pr e t in t e bl o  b for  
and 24 h after PDT using the Luminex xMAP t chnology, as show  in Sche 2. The sults  t r  
of observed trends in all te ted bio ark rs cha ges a  pr ent  in Table 5. These bio rk s can 
inform on the de ree and mod  of inflammati , i filt ation f neutrophils, tum  cell h, as well 
as the destruction of the vasculature [61]. A first ov rvi  id nt fi s c mm t ds such as 
significant increases in IL-6 or KC, an  t ndenci s to increas  IL-10, MIP-2, MIP-1b r TNF . 
However, there are also differ nc s betw n the protocols. 
Table 5. The trend n chang s of sel cted cytok s and c m kine  d t rmin d after b ct i chlorin-
based PDT. The analysis was performed using Luminex m ltipl xin  ass y in the s rum f ind vid al
mice before and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-P T E-PDT C-PDT
IL-6        
IL-10  −    
IL-13    −    
IL-15   −    
KC      
MIP-2  −   −  
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −  
MIP-1β  −  − − 
IP-10  −  −  −  
MIG    −  
GM-CSF  −  − − −
VEGF   − −    
TNFα    − − −  
,  indicated significantly (min two-times) i cre s d or decreased the level of a h b omark r,  
and  are symbols for the non- gn ficant (high  or lowe ) tendency in t concentration of 
biomarker. The tendencies were estim t d i  ompariso  to v l es bt ined in th  serum of the same 
individual animals before PDT. 
Figure 11 foc s s on the changes ob erved i  h  blood l vels of int rleuki . A sig ifica t 
increase in the concentration of I -6 w s bs rv d in all c es (F gur 11a). T  m lti e t l 
nature of IL-6 int ractions inclu es the articipatio  n the ctivation of antig n- c g izi g T 
lymphocytes (also LIF) as well as t e producti  of acute-phas  proteins i d cati g the arly r act  
in response to tissue damage. IL-6 xpression was stro gly a  consi t ntly n  PDT-tr at d 
mice, although the role of IL-6 in PDT-in uced in la m io  may y depen i  the PS, pr t l
or type of tumor treated [61–63]. Incre ed IL-6 c trati i  pla  an b cons der  as ear y 
and sensitive, although nonsp cific, indicat s of v ious infl m , hic  in this ca e s ul
be identified with the destruction f tumor tiss e [64]. 
indicated significantly (min two-times) increased or decreased the level of each biomarker,
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3.12. Exami tion of Inflam atory Cytokin Cha ges Induced by PDT 
W  furth r explored the infla mat ry resp ses bserved with differe t PSs and protocols 
evaluat g change  in sel cte  yt kin s and pr inflammatory mediators present in th  blood before 
d 24  aft r PD using th  L min x xMAP technology, s shown in Scheme 2. T e result  in terms 
of bs rved tr nd  all t sted biom ker  chang  r  presented in a l 5. These biomarkers can 
info  on the deg e a d mode of inf a matio , filtration of neu rophils, tumor cell death, as well 
a th destruction of th  vasculature [61]. A first overview identifies common trend such as 
ig ific nt in reases in IL-6 or KC, and tendencies to increase L 10, MIP-2, MIP-1b or TNFa. 
Howeve , there a e also diff renc s between the protocols. 
Ta l  5. The tre d in changes of selected cytokines and chemokines etermined after bacteriochlorin-
b sed PDT. The nalysis was performed using L min multiplexi g as ay in the serum of individual 
mice be ore and after PDT (N = 6–7).  
PS F2BOH F2BMet Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6        
IL-10  −    −  
IL-13    −    
IL-15   −     
KC        
MIP-2  −   −   
LIX    − −   
LIF    − − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  dicat d ignificantly (min two-times) incr sed or decreas d th  level f each bi marker,  
a d  a e y bols f  th  n - g ific nt ( igher r low r) tendency i  the c centr tion of 
biomarker. Th  ten enci s re es imated comp ri on t  valu s obtai d i  t e serum of t e sam  
in i id l nimals b fore PDT. 
Figure 11 focuses on the ch ges observed in the blood lev ls of terleuki s. A significant 
cre se i  the con entrat on f IL-6 w s obs rved in all cas s (Figure 11a). The multidirectional 
na re f IL-6 i era tions clu es th  participation in the activ tion of anti en-recognizing T 
lymphocyt s ( so LIF) as well s the produ tion of cute-phase proteins indicating the early reaction 
in r pons to tissu mage. IL-6 xpre ion was strongly and consiste tly enhanced in PDT-treated 
mice, alth ugh the le of IL-6 in PDT-i duced infla mation may vary depending on the PS, protocol 
or type of tumor treated [61–63]. Increased IL-6 concentration in plasma can be conside ed as early 
nd ensi ive, although nonspecific, indicators of various inflammations, which in this case should 
b  identified with the destruction of tumor tissue [64]. 
and
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3.1 . Ex mi ation I fl ry Cy kines Changes In uce  by PD  
We fur her explo d th i fla ry resp nses obs rved with different PS  and protocols 
evaluating ch g s in select d cyt ki  and p i fla atory mediators pr sent in the bl d before 
a d 24 h aft DT using the Lumine  x AP technology, a  sh n in Scheme 2. T e r sults in t rms 
of obs ved re d in ll te ted biomarkers change  re p esent d in Table 5. These i markers can 
i fo m o the d gr and d of infl matio , i filtr tion f e trophils, tumor cell death, as well 
s th  es uc io f t vascu ature [61]. A first ov rvi w dent fi s co on trends uch as 
ign fica t i cr s in IL-6 or K , a tende ci t  i cr ase IL-10, MIP-2, MIP-1b or TNFa. 
However, t re a al o differ nces bet en the protocols. 
T le 5. The trend in changes f s lected cytokines and chemokines d termined after bacteriochlorin-
based PDT. Th  analysis was performed using Luminex multiplexing assay in the serum of individual 
mice b fore and aft  PDT (N = 6–7). 
PS F2BOH F2BM t Cl2BHep 
Cytokine V-PDT V-PDT E-PDT C-PDT V-PDT E-PDT C-PDT 
IL-6       
IL-10  −    −  
IL-13       
IL-15        
KC     
MI -2  −   −   
LIX    − −   
LI     − −  
MCP-1  −      
MIP-1α −   − −   
MIP-1β  −  − −   
IP-10  −  −  −  
MIG    −  − − 
GM-CSF  −  − − − − 
VEGF   − −  −  
TNFα    − − −  
,  indicate  ig ific tly (min two-t m s) inc as d or d cr ased the level of each bioma ker,  
and  r  ym ls for the non- ignificant (higher or low r) tendency i the conc ntration of 
b m ker. Th  nd ci s w r  ti t d in om rison to value obtained i  the s u  of the same 
i dividual ani al  befor PDT. 
igure 1 f c ses on the cha s obs rv d  he bl od levels of i t rleuk ns. A sig ificant 
i cr as  i  th c c a o  of IL-6 wa  bse v  in all c s (Figure 1 ). T e ultid rectional 
natu e of IL-6 int r cti s i c ud  t e part cipa ion i  the activatio  of antige -recog zi g T 
ly phocyt s ( ls  L F) s well s the p odu t o  of acute-ph e p otei  i dicating th  a ly reaction 
in r p se t  tissu  mage. IL-6 expres ion wa  st ongly and con istently e ha ce  in PDT-treated 
ice, al hough l f IL-6 i  PDT-induced infla mation ay vary depending on the PS, protocol 
or type of tumor treated [61–63]. I creased IL 6 c centration in plasma can be considered as arly 
a  sensit ve, alt ough nonspecific, indicators f various infla mations, which in this case sh uld 
be identified with the estructio  of tumor tissue [64].
are
symbols for the n n-significant (higher or l wer) t dency in the concentr tion of biomarker. Th tendenci s were
estimated in comparison to values obtained in the serum of the same individual animals before PDT.
Figure 11 focuse on the changes b erved in th blood l vels of int rleuki s. A signific nt
increase in the concentration of IL-6 wa observed in all case (Figur 11 ). The mult di c i al atur
of IL-6 nter ct ons inclu s the partic p io he ct va ion f ntige -recogn zi g T lymph cytes
(also LIF) as well s th produ tion of cut -phas proteins in ating the early r a tio in r po se o
tissue damag . IL-6 expression was strongly a d consi te tly en a c d i PDT-tr at d ic , alth ugh
the rol f IL-6 i P T- duced i flammatio may vary de di g on the PS, p to ol r type f
tumor treat [61–63]. Incr a d IL-6 conc n rati n pl a n be id red rly d e sitiv ,
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of the inflammatory protein MCP-1 is evidence of increased inflammatory processes within the tumor 
microenvironment and the dominance of the necrotic pathway of cancer cell death and the infiltration 
of macrophages and monocytes into the tumor surrounding tissue [68,69]. 
Several preclinical studies have suggested that suppression of long-term tumor growth 
following Photofrin-PDT is dependent upon the presence of neutrophils [70]. Neutrophil migration 
into the treated tumor is associated with an increase in the expression of the chemokines macrophage 
inflammatory protein MIP-2 and KC. Figure 12 shows that MIP-2 and KC increase significantly after 
PDT. In particular, V-PDT with both F2BOH and F2BMet causes a large increase in KC that is 
constitutively expressed and is believed to be involved in basal neutrophil migration. In contrast, 
MIP-2, the major chemokine released after F2BMet-V-PDT, is inducible and thought to mediate stress- 
or injury-induced neutrophil migration.  
Figure 11. Concentrations of selected interleukins: (a) IL-6; (b) IL-10; (c) IL-13; (d) IL-15 in the serum
of mice before and after optimal PDT protocol with F2BOH (V-PDT), F2BMet (V-PDT) and Cl2BHep
(C-PDT) as well as healthy mice and mice bearing CT26 tumor controls. Luminex, N = 6–7; each dot
represents one individual, line represents a mean; * p < 0.05.
In the experimental groups that underwent PDT, these also exhibited a significant increase in IL-15
level, Figure 11d. In cancer immunotherapy, this cytokine is considered as a strong adjuvant, stimulating
cytotoxicity and the proliferation of lymphocytes (cytotoxic, NKT) as well as the proliferation and
secretion of antibodies activated by B cells [65]. IL15 is also an important growth factor for memory
T lymphocytes, especially CD8+ [66]. The lack of unambiguous changes in IL-13 and especially in
IL-10 (with the possible exception of (F2BOH), the V-PDT concentration after PDT (Figure 10b) using
most protocols can be considered a good prognostic factor because it can ultimately lead to inhibition
of the cell-type immune response and inflammatory processes [67]. In this respect, F2BOH V-PDT
may not provide the best control of the inflammatory process. An increase in the concentration of
CC-type chemokines (MCP-1, MIP1α, MIP1β) in the plasma after PDT can be seen (except for the
F2BMet V-PDT and C-PDT protocol). A significant increase in the concentration of the inflammatory
protein MCP-1 is evidence of increased inflammatory processes within the tumor microenvironment
and the dominance of the necrotic pathway of cancer cell death and the infiltration of macrophages
and monocytes into the tumor surrounding tissue [68,69].
Several preclinical studies have suggested that suppression of long-term tumor growth following
Photofrin-PDT is dependent upon the presence of neutrophils [70]. Neutrophil migration into
the treated tumor is associated with an increase in the expression of the chemokines macrophage
inflammatory protein MIP-2 and KC. Figure 12 shows that MIP-2 and KC increase significantly
after PDT. In particular, V-PDT with both F2BOH and F2BMet causes a large increase in KC that is
constitutively expressed and is believed to be involved in basal neutrophil migration. In contrast,
MIP-2, the major chemokine released after F2BMet-V-PDT, is inducible and thought to mediate stress-
or injury-induced neutrophil migration.
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Figure 12. Concentrations of selected neutrophil chemokine attractants: (a) KC; (b) MIP-2; in the serum
of mice before and after optimal PDT protocol with F2BOH (V-PDT), F2BMet (V-PDT) and Cl2BHep
(C-PDT), as well as healthy mice and mice bearing CT26 tumor controls. Luminex, N = 6–7; each dot
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The levels of KC and MIP-2 were unchanged in non-treated CT26 tumor-bearing mice and
remained the comparable levels before PDT, which additionally indicates that the induction of MIP-2
and KC was not the result of a systemic mediator. Thus, bacteriochlorin-mediated V-PDT induced a
time-dependent increase in two neutrophil attractant chemokines, MIP-2 and KC.
The optimal protocols with sulfonamide bacteriochlorin (F2BMet-V-PDT and Cl2BHep-C-PDT) are
characterized by increased secretion of MIP-1, which is also involved in neutrophilic inflammation. Only
in the case of F2BOH-V-PDT can the higher level of MIG (CXCL9) and IP-10 (CXCL10) be detected [71].
Importantly, these chemokines are known to exhibit antitumor activity through strong T-cell chemotaxis
and anti-angiogenic (angiostatic) properties. Thus, due to the fact that their production is induced
by interferons (IFNγ, inducible protein 10, IP-10, IFNγ-induced chemokine monokine 9, MIG), their
increased plasma concentration after PDT indirectly indicates the activity of IFNγ [72].
Figure 13 shows how TNFα had increased in the blood of all groups that were subjected to the
optimal scheme of PDT. It is widely known that TNFα upregulation may induce changes in the tumor
vasculature and stimulate the antitumor immune response [73]. Moreover, these data can also suggest
the activity of macrophages triggering in these cells Toll-like receptor (TLR)-based signal transduction
activity resulting in the production of TNFα [61,62].
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Figure 13. Concentrations of (a) TNFα; (b) VEGF in the serum of mice before and after optimal PDT
protocol with F2BOH (V-PDT), F2BMet (V-PDT) and Cl2BHep (C-PDT) as well as healthy mice and mice
bearing CT26 tumor controls. Luminex, N = 6–7; each dot represents one individual, line represents a
mean; * p < 0.05.
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Last, but not least, we examined the vascular endothelial growth factor (VEGF). Figure 12b
reveals a more significant decrease of VEGF after vascular-targeted treatment than after C-PDT. This
observation suggests that the formation of new vessels within the tumor is inhibited, thereby stopping
its further local progression and preventing distant metastases [74].
Taken together, the inflammatory changes observed after PDT and the patterns of inflammatory
cytokines changes reveal that water-soluble photosensitizers such as F2BOH, generally lead to an
increase in the serum level of these cytokines in V-PDT, when compared with less polar photosensitizers.
This is consistent with the observation of strong erythema and hyperemia in animals subject to
F2BOH-V-PDT. This may be related to the preferential association of hydrophilic photosensitizers
with albumin, as opposed to the association of the less polar photosensitizers with lipoproteins. The
tumor localization of albumin-bound and lipoprotein-bound photosensitizers is likely the cause of
the difference in inflammatory reactions, because in the conditions of this study (same drug and light
doses, comparable tumor concentration in V-PDT), all the photosensitizers produce similar oxidative
stresses (similar light absorption and similar singlet oxygen quantum yields). Interestingly, the cytokine
patterns revealed that V-PDT, E-PDT and C-PDT with F2BMet are surprisingly similar, although the
photosensitizer concentration in the target tissue decreases appreciably with time. This suggests that
the re-localization of the photosensitizer in the tumor may compensate for its lower concentration to
yields-comparable inflammatory responses.
4. Summary and Conclusions
We determined physicochemical, spectroscopic and photochemical properties of three
bacteriochlorins with widely different polarities (F2BOH, F2BMet, Cl2BHep), and related them
with phototoxicity in vitro and PDT efficacy in prototypical PDT regimes. The most important
difference between the studied compounds is their hydrophilicity/lipophilicity (logP) caused by a
change from sulfonic group, to methylsulfonamide and to heptylsulfonamide ones, respectively. For
the reasons discussed above, the chlorinated substituent has a higher singlet oxygen quantum yield
(Φ∆ = 0.63) than the fluorinated compounds (Φ∆ ranged from 0.43 to 0.44), but this does not make
Cl2BHep more phototoxic in vitro. The advantage of having chlorine atoms in the least soluble
compound is to help avoid aggregation. The bulky chlorine atoms prevent the bacteriochlorins from
sitting on the top of each other and facilitating dissolution.
PDT in vitro is influenced by differences in cellular uptake and subcellular localization. The
pharmacokinetics and biodistribution of the photosensitizers determine the PDT regime (V-PDT, E-PDT,
C-PDT) most adequate for each one of them. The most effective photosensitizers in V-PDT (DLI = 15
min) have hydrophilic or amphiphilic character, i.e. sulfonic and selected sulfonamide derivatives
of bacteriochlorins (F2BOH, logP = −1.4; F2BMet logP = 1.9). The PDT protocol optimized for these
photosensitizers led to >80% cure rates. More lipophilic photosensitizers (Cl2BHep, logP ≈ 4.5) proved
to be more effective in protocols characterized by a longer DLI of 72 h. Such compounds, due to their
limited solubility in the aqueous medium, need specialized formulations, such as encapsulation in
Pluronic poloxamers micelles. This may be an additional challenge, but it comes with the advantages
of increased stability, selectivity and overall efficacy.
The different PDT regimes lead to different biological responses that can have distinct
immunological components and contribute to the overall PDT efficacy. Various degree of local
inflammation is observed after different PDT regimes. Multiplex analysis of selected cytokines present
in the blood before and 24 h after the PDT showed increased IL-6 concentrations in plasma after PDT, as
expected from the inflammations observed. The enhanced concentration of KC and MIP-2 chemokines
after PDT suggest that tumor response may involve an influx of neutrophils to the tumor. The optimal
protocols with sulfonamide bacteriochlorin (F2BMet-V-PDT and Cl2BHep-C-PDT) are characterized by
increased secretion of MIP-1, which is also involved in neutrophilic inflammation.
The selected optimal protocols indicate the increased level of TNFα activity and decreased VEGF,
especially after anti-vascular treatment. Further studies are necessary to fully understand how the
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changes in these biomarkers after PDT contribute to mounting an adaptive immune response capable
of inducing immunological memory and recognition of tumor cells surviving the local PDT treatment.
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3. Dąbrowski, J.M. Reactive oxygen species in photodynamic therapy: Mechanisms of their generation and
potentiation. In Advances in Inorganic Chemistry; Elsevier: Amsterdam, The Netherlands, 2017; Volume 70,
pp. 343–394.
4. Agostinis, P.; Berg, K.; Cengel, K.A.; Foster, T.H.; Girotti, A.W.; Gollnick, S.O.; Hahn, S.M.; Hamblin, M.R.;
Juzeniene, A.; Kessel, D.; et al. Photodynamic therapy of cancer: An update. CA Cancer J. Clin. 2011, 61,
250–281. [CrossRef]
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21. Rocha, L.B.; Gomes-da-Silva, L.C.; Dąbrowski, J.M.; Arnaut, L.G. Elimination of primary tumours and control
of metastasis with rationally designed bacteriochlorin photodynamic therapy regimens. Eur. J. Cancer 2015,
51, 1822–1830. [CrossRef]
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